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Abstract 
In this thesis, the strain balancing of self-assembled InAs/GaAs quantum dots 
(QDs), grown by metal-organic vapour phase epitaxy (MOVPE) is investigated. 
Initially, the optimisation of the important QD growth parameters, InAs 
coverage, growth rate, V/III ratio during the QD growth and the V/III ratio 
during the capping layer growth is explored. Incorporation of a strain-balancing 
layer will allow the close vertical stacking of QD layers, giving the potential for 
increased volumetric QD density and hence increased optical gain. Strain 
balancing can only be achieved practically using a GaAszP1-z layer. Therefore, 
modelling is performed of different phosphorus concentrations to understand 
the effects of placing a large potential barrier between QD layers on the 
electrical characteristics and the lasing threshold current density. In addition, X-
ray diffraction (XRD) spectra are modelled to estimate the thickness of 
GaAs0.8P0.2 required to strain balance a QD layer. Based on this modelling, the 
implementation of a strain-balancing layer, which does not adversely affect the 
electrical characteristics and threshold current density, was attempted for three 
different QD layer separations: 50, 30 and 20 nm. Incorporation of this layer is 
shown to improve the performance of a device with a 30 nm spacing between 
QD layers, although performance is still inferior to that of a 50 nm device 
without strain balancing. Successful laser fabrication of the 50 and 30 nm 
structures with strain balancing gave laser operation up to 240 and 200 K, 
respectively. Further optimisation of the QD growth resulted in a room 
temperature laser with a layer separation of 50 nm, however, this was without 
the strain-balancing layer.  
Modelling of a relatively new type of semiconductor laser structure, a photonic 
crystal surface emitting laser (PCSEL) is performed to develop the 
incorporation of QDs. Three material systems for the photonic crystal are 
considered: void/GaAs, InGaP/GaAs and AlAs/GaAs, where the potential 
performance of each material system is discussed and compared. Preliminary 
investigations of the effect of the overgrowth temperature on the QD emission 
and the effect of incorporating an AlAs layer on the electrical characteristics 
were performed. 
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Chapter 1:  
Introduction and Thesis Outline 
1.1 Introduction 
In this thesis, the focus will be to study the epitaxial growth of III/V compound 
semiconductor materials. In particular, it describes a study of the growth and 
development of strain-balanced InAs/GaAs quantum dot (QD) structures and 
laser devices by metal-organic vapour phase epitaxy (MOVPE). QDs have been 
of considerable interest over the past 35 years since the prediction of Arakawa 
and Sakaki of their potential benefits for injection lasers. [1] There are many 
III/V compounds including both binary e.g. GaAs, InP etc., and ternary, e.g. 
InGaAs, AlGaAs etc. but a very limited number of substrates; almost all 
epitaxial growth is on GaAs or InP.  Figure 1.1 shows the energy bandgap versus 
the unstrained lattice constant for the most common III/V semiconductors as 
well as the two elemental semiconductors Si and Ge. [2] For III/V compound 
semiconductors grown on a GaAs substrate, a similar lattice constant (5.65 Å) 
is required for pseudomorphic growth. However, for the formation of self-
 
Figure 1.1: Energy bandgap versus the unstrained lattice constant for the most common 
III/V semiconductors. [2] 
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assembled QDs using the Stranski-Krastanov growth mode, a large difference 
in lattice constant is required.  For the preset study InAs is used, with a 7% 
difference in lattice constant compared to GaAs. Self-assembled InAs QDs 
grown on GaAs emit in the near infrared region between 1.1 and 1.3 µm. 
Although the majority of studies have used Molecular Beam Epitaxy (MBE), a 
relatively small number of research groups have studied the growth of self-
assembled QDs by MOVPE, including reports of ground state lasing at room 
temperature. [3]–[11]  
InAs/GaAs self-assembled QD lasers have applications in telecommunication 
systems operating within the O-band. In addition, QDs have potential in a 
number of other different applications. These include semiconductor optical 
amplifiers, with fast gain recovery allowing high bit rate (>40 Gb/s) pattern-free 
signal amplification [12], solar cells, where InAs/GaAs QDs can extend the 
absorption band of GaAs-based cells [13] [14], superluminescent light emitting 
diodes (SLEDs) with a broad emission bandwidth suitable for optical coherence 
tomography [15], saturable absorber mirrors with low saturation fluence and 
fast absorption recovery [16], mid- and far-IR photodetectors with normal 
incidence operation[17], and single photon sources with fast on demand 
operation and on-chip integration for quantum information applications. [18]  
MOVPE is the growth technique of choice for this thesis as it lends itself to 
large-scale manufacturing, due to the high uptime and volume scalability. In 
addition, epitaxial regrowth is significantly more mature in MOVPE, with 
polycrystalline-free selective area regrowth being highly challenging for 
molecular beam epitaxy (MBE). However, MBE is the preferred method of 
choice for QD growth for most research groups and industry, partly due to the 
availability of in situ characterisation techniques, such as reflection high-energy 
electron diffraction (RHEED) that allows direct and real-time observation of 
QD formation. 
InAs/GaAs QD structures and devices contain a large amount of strain and this 
can easily result in the formation of dislocations, which relieve the strain but 
significantly degrade the optical efficiency. This is a particular problem in 
structures with multiple QD layers with a relatively small inter-layer separation, 
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as may be required in a laser device. This thesis describes the design and 
implementation of a strain-balancing layer, placed between the QD layers, 
which compensates the strain produced by the QDs. With the introduction of a 
suitable strain-balancing layer, the total internal strain can be reduced close to 
zero. Achieving a net strain of zero for each period of a QD structure allows the 
total number of QD layers to be increased and the layers to be placed closer 
together. The latter property is of particular importance for a laser where it is 
necessary to place a small number of QD layers close to the maximum of the 
optical cavity mode, hence achieving a higher total gain.  
Following the development of strain balanced InAs/GaAs self-assembled QDs 
for standard edge emitting Fabry-Perot laser structures; integration into a 
relatively new type of semiconductor laser, a photonic crystal surface emitting 
laser (PCSEL) is discussed. The modelling of the PCSEL waveguide is 
developed and initial investigations of sample overgrowth during PCSEL 
fabrication described. Such lasers offer the possibility of vertical emission, very 
low beam divergences, as low as 1 degree, beam steering, high power single 
mode operation and wavelength selectivity. [19]–[27] 
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1.2 Chapter 2 Outline 
Chapter 2 provides relevant background and describes the development of 
single and five stacked layers of InAs/GaAs QDs for the active regions of lasers. 
Section 2.1 discusses both molecular beam epitaxy (MBE) and MOVPE growth 
technologies. MBE is the usual growth technique used in the fabrication of QDs 
and therefore the basic principles behind MBE growth are discussed. However, 
the growth technology used in this thesis is MOVPE and hence this technique 
is discussed in more detail. Topics covered include the precursors available for 
the group III’s and group V’s, metal-organics and metal-hydrides, and the 
pyrolysis process that both types of precursors undergo to enable epitaxial 
growth. The precursors used in MOVPE can create unintentional doping within 
the structure, which is discussed as well as intentional doping. Both n-type and 
p-type doping is described along with the materials and precursors that can be 
used. Section 2.1 is completed with an outline of the differences between MBE 
and MOVPE.  
Section 2.2 discusses the two fundamental epitaxial growth modes, 
homoepitaxy and heteroepitaxy, including the consequences of strain in 
heteroepitaxy.  In addition, the three growth modes psudomorphic, Stranski-
Krastanov (S-K) and Volmer-Weber (VW) are described with particular 
emphasis on pseudomorphic and S-K growth as these are the ones most relevant 
to this thesis. 
Section 2.3 describes the sample and device characterisation techniques used in 
this work. Nomarski microscopy is used to characterise the surface morphology. 
In addition, atomic force microscopy (AFM) can also be used to characterise 
the surface morphology and determine the density of surface QDs. Electron 
microscopy techniques, scanning electron microscopy (SEM) and transmission 
electron microscopy (TEM), are discussed. SEM is used to study the etch 
profiles during device fabrication and TEM is used to determine epitaxial layer 
thicknesses and QD densities. Two doping level characterisation techniques, 
electrochemical capacitance voltage (eCV) and Hall measurements are 
introduced and their differences discussed. Electroluminescence (EL) and 
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photoluminescence (PL) are used to study the optical properties of the 
semiconductors. These techniques provide information on QD uniformity, 
optical efficiency and confinement potentials. Section 2.4 describes how the 
electronic and optical properties of a semiconductor are changed by altering its 
dimensionality. 
Section 2.5 is a literature review where the growth parameters for optimum QD 
growth are discussed for both MOVPE and MBE. Section 2.5 describes the 
optimisation process for the growth of InAs/GaAs QDs by MOVPE. The first 
parameter optimised is the InAs coverage with initial studies identifying the 
point at which the S-K transition occurs. After determining the S-K transition, 
the amount of InAs coverage is optimised. Further growth parameters, including 
growth rate and V/III ratio for the QD growth, are studied and optimised. 
Following the growth optimisation of a single QD layer structure, multiple QD 
layer structures are studied. This identifies an issue with surface morphology, 
which is rectified by optimising the V/III ratio used during the growth of the 
QD capping layer. 
Section 2.6 studies the effect of changing the initial QD capping layer thickness 
and introduces an annealing step after the initial cap growth in an attempt to 
remove an unintentional indium diffusion layer, which is observed above every 
QD layer. 
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1.3 Chapter 3 Outline 
Chapter three discusses the development of strain balancing which is of 
significant importance for opto-electronic devices such as lasers and optical 
amplifiers. 
Section 3.1, introduces the concept of strain balancing to reduce the overall 
strain within each period of a QD structure to zero. This should allow a closer 
separation between QD layers, increasing the QD volumetric density. Section 
3.2 provides a background and literature review, with different strain balancing 
materials and techniques, as used for both QWs and QDs, considered. 
Section 3.3 discusses the modelling of the electrical characteristics and lasing 
threshold current densities of a dual QW with a GaAszP1-z barrier. Different 
concentrations of phosphorous are modelled using LaserMod by RSoft to study 
the effect of different potential barrier heights.  
Section 3.4 describes the modelling of X-Ray diffraction (XRD) spectra of 
different strained material systems, using Leptos software provided by Bruker. 
Initially single layers, with either compressive or tensile strain, are modelled to 
understand how the change in strain affects the XRD spectra. Further work 
models the behaviour of different components of the device structure, such as 
the repeat thickness, concentration of indium within the QW and the thickness 
of the QW. Modelling of QW structures, with an average indium concentration 
similar to that expected for QD layers, is used to predict when the structure will 
be strain balanced. 
Section 3.5 outlines the structure and the method used in the calibration of the 
MOVPE material flow rate for the strain-balancing layer. The concentration of 
phosphorus in the grown sample is determined using XRD and the calibrated 
flow rates will be used in the strain-balancing layer. 
Section 3.6 discusses QD structures with different separation thicknesses 
between each QD layer, which are studied to experimentally determine the 
effect of GaAs0.8P0.2 strain-balancing layers. Section 3.7 presents the electrical 
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and optical characteristics of the structures described in section 3.6, revealing 
the differences between a strain balanced structure and a non-strain balanced 
structure.  
Section 3.8 discusses potential further work required to understand carrier 
transport mechanisms across the barrier produced by the strain-balancing layer. 
This would involve the study of different combinations of barrier thickness and 
height, the latter controlled by the concentration of phosphorus. Section 3.9 
summarises the work presented in chapter 3.  
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1.4 Chapter 4 Outline 
Chapter four describes the study of InAs/GaAs edge emitting QD lasers grown 
by MOVPE and the modelling of a QD-PCSEL. 
Following an introduction (section 4.1), section 4.2 reviews relevant literature 
and provides a background to lasers, especially QD lasers grown by both 
MOVPE and MBE.  
Section 4.3 discusses the differences between positive and negative photoresists 
and considers dry and wet etching with the advantages and disadvantages for 
the etch profile described. The fabrication processes used in the thesis are 
discussed in detail. 
Section 4.4 presents the initial results of a study of a structure with five QD 
layers and a 50 nm separation thickness. A temperature dependent study is 
conducted to examine the role of carrier capture and escape. Further 
optimisation of the InAs coverage is described, where a bimodality of the QDs 
is shown to reduce with an increase in coverage although at the expense of a 
reduction in the optical efficiency. 
Section 4.5 presents the principles behind Fabry-Perot lasers and the differences 
between stripe and ridge lasers. Two structures with different QD layer 
separations of 50 and 30 nm and without strain balancing along with three 
strain-balanced structures with layer separations of 50, 30 and 20 nm, are 
fabricated into broad area lasers and characterised. The broad area lasers are 
fabricated with a range of cavity lengths and ridge widths. Threshold current 
density and emission spectra both above and below threshold are compared over 
a range of temperatures. In addition, the initial characterisation of recently 
grown lasers, developed as part of an ongoing optimisation processes, 
demonstrate room temperature operation. 
Section 4.6 discusses the modelling and background to PCSELs, a relatively 
new type of semiconductor laser. This section outlines the theory behind 
PCSELs and the benefits of a PCSEL in comparison to more conventional laser 
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structures. Two PCSEL fabrication techniques are discussed and compared. 
Waveguide modelling of a PCSEL containing InAs/GaAs QDs is performed for 
different thicknesses of a GaAs ballast layer and an AlAs repulsion layer. Three 
different structures are considered: void/GaAs, InGaP/GaAs and GaAs/AlAs. 
The modelling is conducted using Fimmwave software provided by Photon 
Design.  
Section 4.7 presents the initial overgrowth investigation of an eight QD layer 
sample provided by QD Laser Inc.. The PL and EL emission spectra are 
compared before and after overgrowth to investigate any change to the QD 
emission. The effect of using an AlAs layer is investigated by comparing two 
structures, one containing the AlAs layer above the active region and one with 
an Al0.42Ga0.58As cladding.  
Section 4.8 discusses the further work required to optimise the QD growth and 
device design to obtain a room temperature strain balanced laser with a small 
layer separation of 20 nm. In addition, future work required to obtain a QD-
PCSEL based on the material provided by QD Laser Inc. is discussed.  
Chapter 5 provides a conclusion to the thesis and a summary of possible future 
work. 
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Chapter 2:  
Epitaxial Growth & Quantum 
Dot Optimisation 
2.1 Epitaxial Growth techniques 
This chapter introduces the two main epitaxial growth techniques used in both 
industry and research environments for the production of advanced low-
dimensional semiconductor structures and devices, the epitaxial growth modes, 
material characterisation and the growth optimisation of quantum dots (QDs). 
The two main epitaxial growth methods are molecular beam epitaxy (MBE) and 
metal-organic vapour phase epitaxy (MOVPE). MOVPE is also known as 
metal-organic chemical vapour deposition (MOCVD) but for this thesis, the 
acronym used is MOVPE. Both epitaxial growth techniques can be used to form 
a wide range of crystalline materials but here we will focus only on compounds 
of group III and group V elements, commonly known as III/V semiconductors. 
 
Figure 2.1: Photograph of a V90 MBE growth reactor at the University of Sheffield. 
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A brief introduction into MBE is presented, as MBE growth of QDs is the 
preferred method of choice for most research groups and industry. A more 
detailed introduction to MOVPE will be given, as this is the growth method 
used in this thesis. The state-of-the-art growth of QDs by MBE and MOVPE 
will be discussed and the main differences between both growth methods 
explained. Figure 2.1 is a photograph of a VG V90 MBE growth reactor and 
figure 2.2 is the Thomas Swan closed coupled showerhead MOVPE growth 
reactor, both are in the clean rooms at the University of Sheffield. 
MBE growth is a conceptually simple epitaxial technique, occurring in an ultra-
high vacuum (UHV) (~10-9 mbar) environment and for a low growth rate 
 
Figure 2.3: Schematic diagram of an MBE reactor. 
 
Figure 2.2: Photograph of the inside of a Thomas Swan MOVPE reactor chamber. 
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(typically <3 Å/s). Figure 2.3 shows a diagram of an MBE reactor, there are two 
parts: the growth chamber and the preparation chamber, separated by a vacuum 
gate valve. Source materials for MBE are usually elemental compounds such as 
gallium and arsenic that are in a very pure form in a ceramic crucible, which 
forms an effusion cell (figure 2.4); heating of the cell causes the elemental 
source to evaporate/sublimate. The flux of material emitted from each cell is 
measured using an ion gauge placed in front of the substrate stage prior to 
growth. In addition, for group V elements, such as arsenic, a cracker cell is 
added to crack the tetramers (As4) to dimers (As2). The temperature of each cell 
and the substrate can be set independently, which means epitaxial growth can 
 
Figure 2.4: Schematic diagram of a group III effusion cell. 
 
Figure 2.5: Schematic of a metal-organic storage bubbler. 
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theoretically occur at any temperature. The growth rate of the semiconductor 
will be mainly determined by the arrival rate of the elements, which in turn is 
controlled by the temperature(s) of the effusion cells. Mechanical shutters are 
placed in front of each effusion cell, allowing the switching of the atomic beams 
and hence the growth of layers of different semiconductors. In situ monitoring 
during the growth is important; temperature control of the cells and substrate is 
achieved using thermocouple PID loops, with additional temperature 
monitoring of the substrate by a pyrometer or band-edge thermometry.  The 
epitaxial process can also be monitored directly by reflection high-energy 
electron diffraction (RHEED). For this technique, high-energy electrons are 
directed towards the substrate at a glancing angle from which they reflect or 
diffract to be detected. The form of the diffraction pattern provides real-time 
information on the surface structure; for example the presence or not of an oxide 
layer or the change in surface reconstruction that occurs for certain growth 
conditions (particularly temperature) and the transition between 2D to 3D 
growth which occurs when QDs are formed. 
The MOVPE process uses metal-organics for the group III precursors and 
hydrides for the group V, although metal-organics can also be used for the latter; 
these will not be discussed here. The group III metal-organic is transferred to 
the reactor by a carrier gas, usually hydrogen but nitrogen can also be used. 
Metal organic precursors are stored in a bubbler, as shown in figure 2.5, the 
 
Figure 2.6: Schematic diagram of a typical MOVPE growth reactor. 
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carrier gas is passed through the precursor and metal organics are picked up and 
transferred to the reactor. Group V elements are usually stored as metal hydrides 
in gaseous form and transferred directly to the reactor. Figure 2.6 shows a 
simplified diagram of an MOVPE reactor. Mass flow controllers control the rate 
of gas flow that is allowed to pass though the reactor. Above each bubbler is a 
valve with a bypass so a flow can be established before the selected metal 
organic is used. The amount of metal-organic can be further diluted by altering 
the mass flow controller on the dilution line of the source. Epision is a 
measurement system, which measures the inline gas concentration of the metal 
organic flow, allowing the flow rate to be adjusted during the growth. The 
metal-organic is switched via another valve to either flow into the reactor or to 
bypass it; this allows the flow rate of the group III precursor to be stabilised 
before the gas enters the reactor. The metal hydride of the group V element is 
transferred straight to the reactor because it is already in a gaseous form. The 
scrubber is a heated cylinder on the exhaust side of the reactor containing 
charcoal; this removes the harmful leftover group III/V elements and 
compounds. 
When the metal-organics and metal hydrides are transferred to the reactor, they 
need to decompose for the metal to be liberated for epitaxial growth; this is 
achieved above the heated substrate, through heat and in the absence of oxygen 
causing a process called pyrolysis. Pyrolysis is the separation of the metal from 
the organic material or hydrogen. A chemical reaction occurs between the group 
III and V metals to form a III-V compound, which is deposited as the epitaxial 
layer. With the group V metal being more volatile the group V compound is 
usually present in excess. The cracking of the precursors is an important part of 
the MOVPE epitaxial process. If the temperature is too low, the precursors do 
not fully crack causing carbon to become incorporated into the epitaxial 
semiconductor, creating unwanted dopants. If the temperature is too high, the 
metals will have too much energy to remain on the growth surface and will not 
be incorporated into the epitaxial material. Therefore, the control of the 
substrate temperature is critical to ensure good quality crystal growth. To 
achieve this, in-situ monitoring by emissivity-corrected pyrometry is used to 
control the true temperature of the substrate, this is referred to as epitaxial true 
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temperature (EpiTT). The minimum growth temperature is usually determined 
by the group V element because a higher energy is generally needed to break 
both the chemical bonds between the metal-organic and the metal-hydrogen of 
the group V elements. In this thesis, we will only be interested in MOVPE mass 
flow growth mechanism, where the growth rate is independent of substrate 
temperature. Optimum growth temperatures vary for different materials. For 
example GaAs is usually grown at 630°C to achieve the highest quality material, 
for an indium containing tertiary material, such as InGaAs, a much lower 
growth temperature, in the region of 560°C, is used, this is required to minimise 
indium desorption which starts to occur above 540°C. For aluminium 
containing layers, a much higher temperature, in the region of 680°C, is used 
due to the short diffusion length of the aluminium atoms. The growth rate is 
controlled by the group III molecule. In-situ monitoring during the epitaxial 
growth, is important to ensure good morphology, correct growth temperature 
and growth rates. The surface morphology can be monitored using reflectivity 
measurements and if a problem occurs during the growth, corrective actions 
such as increasing the growth temperature or altering the growth rates can be 
applied. Although measuring the true temperature of the epitaxial wafer and 
reflectivity monitoring are very useful tools, the lack of an ultra-high vacuum 
prevents the greater range of monitoring techniques that are available in MBE, 
such as RHEED. 
There are two main organic molecules that can be attached to the group III metal 
to form the metal-organic compound: trimethyl and triethyl. Trimethyl is made 
up of three methyl groups (CH3) and triethyl is made up of three ethane groups 
(C2H6). The pyrolysis of the trimethyl group occurs at a higher temperature 
compared to that of the triethyl group due to the reduced bonding strength of 
the (C2H6) group compared to the (CH3) group. According to G. Stringfellow 
the pyrolysis temperatures of trimethylgallium (TMGa) and triethylgallium 
(TEGa) are 500°C and 400°C respectively, and a similar difference is found for 
other group III precursors. [1]  
Carbon incorporation from the organic is an important factor when considering 
precursor choice, with carbon acting as a dopant of III-V materials. Trimethyl 
groups can produce unintentional doping due to the CH3 group decomposing 
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into highly reactive CH2, which decomposes readily into carbon, and can 
subsequently be incorporate in the epitaxial layer. This unwanted effect can be 
mitigated through the use of hydrides to provide hydrogen on the surface, which 
aids the removal of carbon. This issue of carbon incorporation does not occur 
as readily with the use of triethyl groups because the pyrolysis process does not 
produce the CH3 radical. However, the most commonly used precursor is 
trimethyl due to the higher stability of the metal-organic and higher vapour 
pressure. The triethyl metal-organic is reported to produce parasitic reactions 
and can decompose within the storage bottle. [1]  
For the group III elements, the precursors available on the MOVPE system used 
for this work were TMGa, trimethylaluminium (TMAl) and trimethylindium 
(TMIn). Metal hydrides, such as arsine (AsH3) and phosphine (PH3), are 
common precursors for the group V element. The main disadvantage of using 
these hydrides is their high toxicity level; this requires significant safety 
measures to ensure they do not leak. Safer precursors are available, such as 
tertiarybutylarsine (TBAs) and trimethylarsine (TMAs). However, the lower 
pyrolysis temperatures of TBAs and TMAs, compared to AsH3 and PH3, can 
result in an increase in unintentional carbon doping. [1] Lower carbon doping 
levels are achieved with the hydrides, due to the elemental hydrogen present on 
the substrate surface aiding the removal of the methyl radical, whilst providing 
the group V element. The group V precursors used in this thesis are arsine and 
phosphine.  
For electrical devices, extrinsic doping is required to increase the conductivity 
from the low levels that result from intrinsic carriers. In addition, both n- and p-
type doping are required to form a p-n junction, which is the basis of all electro-
optical devices. To achieve the required doping levels impurities are added to 
the semiconductor to dope either p-type (holes) or n-type (electrons). Figure 2.7 
shows a schematic diagram of p-type and n-type doping. p-type doping is the 
addition of extra holes; to achieve p-type doping in III-V’s, group II elements, 
such as beryllium and magnesium, are used, in addition some transition metals 
can also be used, e.g. zinc. n-type doping is the addition of extra electrons; to 
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achieve n-type doping group VI elements, such as tellurium and selenium, are 
used. Group IV elements, such as silicon and carbon, can produce both n- and 
p-type doping, when the group III element is replaced by a group IV element 
the resulting doping is n-type, this occurs if silicon is used as a dopant. When 
the group V element is replaced by a group IV element, the resulting doping is 
p-type; this occurs if carbon is used as a dopant. Precursors for dopants include 
hydrides (e.g. silane (SiH4)), or metal-organics (e.g. dimethylzinc (DMZn)) 
both these dopant precursors are available on the MOVPE growth system used 
in this thesis. Precise control of the amount of zinc used for p-type doping is 
found to be difficult due to the high vapour pressure of DMZn, in particular low 
doping levels are difficult to achieve and control. For the work described in this 
thesis, silicon was used as the n-type dopant, with SiH4 as a precursor and 
carbon was used as the p-type dopant, with carbon tetrachloride (CCl4) as the 
precursor. 
The main differences between MBE and MOVPE is the difference between the 
precursors, with MBE a molecular source is used and in MOVPE a metal-
organic is used. MBE has the advantage of the separation of the substrate and 
source temperatures, whilst MOVPE does not. Therefore, the growth 
temperatures in MBE are usually lower than in MOVPE. MBE has the benefit 
 
Figure 2.7: Diagram representing p- and n-type doping in the GaAs material system. 
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of RHEED, which can directly observe the Stranski-Krastanov (S-K) transition, 
which is used to form self-assembled quantum dots (QDs). Measuring the true 
wafer temperature is important in both MOVPE and MBE.  The temperature is 
controlled using pyrometry in both epitaxial techniques. However, band edge 
thermometry is also available for MBE but this measurement of temperature 
relies upon relevant data for the material being grown. Therefore, new materials 
can be difficult to monitor with this technique.  
A major advantage of MOVPE is the relative ease of scalability to grow on a 
large number of large substrates simultaneously, giving high throughput. In 
addition, the lack of an ultra-high vacuum results in shorter downtimes 
following problems and/or maintenance of the reactor. As a result, MOVPE is 
the chosen growth technique for most commercial applications. With MOVPE, 
the growth of phosphorous containing structures is more straight forward than 
with MBE. The use of phosphine presents few additional complications as all 
the required safety precautions are already in place for the handling of arsine. 
An additional benefit of MOVPE is that epitaxial regrowth is significantly more 
mature, with polycrystalline-free selective area regrowth being highly 
challenging with MBE. However, as the growth of self-assembled QDs was 
developed in research laboratories, where MBE is considerably more common, 
the MOVPE growth of these structures is relatively immature. In particular, the 
real time observation of the S-K transition by RHEED and the slower growth 
rates available in MBE are advantageous for QD growth. However, commercial 
exploitation is likely to require MOVPE growth.  
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2.2 Epitaxial Growth Modes 
This section will introduce the different growth modes that can occur in 
semiconductor epitaxial growth. 
Homoepitaxy is growth of an epitaxial layer (epi-layer), which comprises the 
same material as the substrate. An example of this would be growth of GaAs on 
a GaAs substrate; figure 2.8 shows the crystal structure with a constant lattice 
spacing. 
 
Figure 2.8: Diagram of the crystal formation for homoepitaxy. 
 
Figure 2.9: Diagram of the crystal formation for tensile strained heteroepitaxy. 
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Heteroepitaxy is growth of an epi-layer, which comprises a different material 
from the substrate. An example of this would be InGaAs on a GaAs substrate. 
Although some semiconductor combinations, e.g. Ga0.5In0.5P and GaAs, have 
the same lattice constant, the vast majority of combinations involves two or 
more materials with different lattice constants.  For heteroepitaxy with two 
latticed mis-matched semiconductors, two possible outcomes can occur. If the 
lattice parameter of the epi-layer is smaller than the lattice parameter of the 
previous layer, then tensile strain will result in the epilayer. As shown in figure 
2.9, the lattice constants for both in-planes directions expand to match the 
previous layer and the lattice constant in the growth direction is reduced via the 
Poisson effect. If the lattice parameter of the epi-layer is larger than the lattice 
constant of the previous layer, then compressive strain will result. As shown in 
figure 2.10, the lattice constants in both in-plane directions reduces to match the 
parameter of the previous layer and the lattice constant in the growth direction 
increases via the Poisson effect. If there is a large lattice mismatch between the 
epi-layer and the substrate, strain energy quickly builds up and dislocation 
defects are generated which act to relax the strain energy. In this case, the epi-
layer returns to its original lattice constant, this is known as a relaxed lattice. 
The presence of dislocations will adversely affect the optical and electronic 
properties of the semiconductor and must be avoided. 
 
Figure 2.10: Diagram of the crystal formation for compressively strained heteroepitaxy. 
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There are three growth modes that can be used in epitaxy; these are described 
in the following. Frank Van Der Merwe (FM) growth is also known as 
pseudomorphic growth. Pseudomorphic growth is the growth of a regular two 
dimensional crystal layer on a crystal of a different material, with the amount of 
deposited material kept below the critical thickness as shown in figure 2.11 (a). 
The critical thickness is the point at which the elastic strain energy is sufficient 
for the formation of defects or dislocations. Psuedomorphic growth is used for 
the formation of quantum wells (QWs) and superlattices, with high quality 
interfaces formed between the different layers.  
Stranski-Krastanov (S-K) growth utilises the lattice mismatch between different 
materials. S-K growth was first described by Ivan Stranski and Lubomir 
Krastanov in 1938. [2] The growth consists of a larger lattice parameter material 
on a smaller lattice parameter material. A typical example of S-K growth is InAs 
on GaAs where the lattice mismatch is 7%. The initial growth is a two-
dimensional wetting layer of highly compressive strained material. If the InAs 
growth is stopped at this point and further GaAs is grown, a thin InAs QW 
results, with an expected emission wavelength of 920 nm, as shown in figure 
2.12. As more InAs is added a critical thickness is reached beyond which the 
formation of 3D islands occurs, as shown in figure 2.11 (b), increasing the 
expected emission wavelength to 1250 nm - figure 2.12. The formation of the 
3D island reduces the elastic energy in the material but increases the surface 
 
Figure 2.11: Diagram of the three epitaxial growth modes: Frank Van Der Merwe growth 
(pseudomorphic growth), where the growth forms a 2D layer (top), Stranski-Krastanov 
growth, where a 2D to 3D transition is observed (middle) and Volmer-Weber growth, where 
3D islands are formed without a 2D layer (Bottom).  
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energy. The initial 3D islands are very small, typically ~15 nm inplane and ~ 10 
nm along the growth direction, they hence act as QDs with full quantisation of 
the electronic states. The QDs are coherent and dislocation free, although further 
InAs deposition will lead to the formation of dislocations. [3], [4] To enable the 
S-K growth mode the reduction in elastic energy has to be greater than the 
increase in the surface energy, this appears to require a minimum lattice 
mismatch of around 3%.  
The third growth mode is Volmer-Weber (V-W) growth, which occurs for 
materials where the atomic bonding is much greater within the epilayer than 
between the epilayer atoms and the substrate. Nucleation of 3D islands occurs 
immediately, as shown in figure 2.11 (c). An example of this type of growth is 
droplet epitaxy, where for III/V materials the group III material is deposited to 
form small droplets without the presence of the group V material, this is 
provided later. All the samples studied in this thesis use a combination of 
pseudomorphic and S-K growth.  
 
 
  
 
Figure 2.12: Diagram showing the S-K transition and the associated electronic band 
structure. 
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2.3 Material Characterisation 
This section will briefly describe the characterisation methods used in the thesis. 
The first technique applied to characterise newly grown material is differential 
interference contrast microscopy, also known as Nomarski imaging. Nomarski 
imaging was developed by Professor Georges Nomarski in 1952 [5] and is a 
technique that uses polarised light to enhance the contrast of surface defects on 
a semiconductor wafer. By modifying the polarisation of the light, different 
surface features, such as defects, become visible. Using this technique, a 
decision can be made on what growth parameters to change to reduce the 
number of defects or to eliminate lattice relaxation. Ensuring good quality 
epitaxial growth is important and with Nomarski imaging a decision can be 
made very quickly, reducing the amount of potentially wasted time. Figure 2.13 
shows two Nomarski images with a magnification of x50, one where the surface 
of the wafer shows very few defects and one with a very rough surface with a 
high level of defects, which hence makes it unusable.  
X-Ray diffraction (XRD) is a non-destructive technique that uses a CuΚα X-
Ray source with a wavelength of 0.15418 nm and can determine changes to the 
out-of-plane lattice parameters. In order for the lattice parameters to be 
extracted, the wavelength of the X-Ray needs to be of the same order of 
magnitude as the lattice spacing. For this thesis, a Bruker D8 was used to extract 
omega-two theta scans, more details will be presented in chapter 3. Using XRD 
 
Figure 2.13: Nomarski images of two samples at x50 magnification, one with a smooth 
surface (left) and one with a very rough surface (right). 
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the change in the out-of-plane lattice constant between the substrate and epi-
layer can be extracted and the strain produced by the epi-layer determined.  
Atomic force microscopy (AFM) was invented at IBM in 1982 and is a 
technique used to characterise surface morphology on the atomic scale. [6] 
AFM can be used to determine the density of surface QDs and, assuming the 
same number of QDs are nucleated within a structure, an estimate of the density 
in full structures can be made. The basic principle of AFM is the use of a laser 
to measure the deflection of a cantilever as its tip moves across the surface, the 
movement of the tip can be either continuous (dragged along the surface) or 
periodic (tapping the surface). AFM analysis was attempted for four of the 
MOVPE grown QD structures where a layer of surface dots was grown using 
the same growth parameters as the buried dot layers. However, due to the long 
cool down time, no surface QDs were observed. Figure 2.14 shows a typical 
AFM image of surface QDs grown by MBE, where the areal density is 
calculated to be 4.2x1010 cm-2 and the size distribution of the QDs is 
approximately Gaussian. The Gaussian distribution of the QDs is associated 
with the inhomogeneous broadening of the emission spectra. 
Scanning electron microscopy (SEM) is a technique that utilises a focused beam 
of high-energy electrons that scans across the sample surface. The electrons 
 
Figure 2.14: AFM image of QDs grown by Dr Edmund Clarke using MBE with the 
image taken by Miss Charlotte Overden. 
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interact with the surface atoms producing secondary electrons, which are 
detected and an image is produced. This technique can be used to study large 
surface QDs but it can also provide feedback on the etching process used in the 
fabrication of devices. Figure 2.15 shows a typical SEM image of a mesa etched 
laser diode, where the top contact layer has been isolated.  
Transmission electron microscopy (TEM) is a technique that utilises the 
transmission of electrons through the sample and was first demonstrated in 1931 
by Max Knoll and Ernst Ruska. [7] For this technique the sample has to be 
thinned (~100 nm) to allow sufficient electron transmission. The electrons are 
diffracted by the material to produce an image as the position of a focussed 
electron beam is scanned across the sample. The resolution of TEM is limited 
by the de Broglie wavelength of the electrons, which determines the focussed 
 
Figure 2.15: SEM image of a mesa etched laser structure. 
 
Figure 2.16: TEM image of a QD grown at 485°C with 2 ML InAs coverage, 0.18 ML/s 
growth rate, and 50 sccm arsine flow rate.  
Chapter 2: Epitaxial Growth & Quantum Dot Optimisation 
 
31 
 
spot size. For a high electron energy (100-300 kV), the typical maximum 
resolution of a standard TEM system is of the order of 0.2 nm. TEM can provide 
information about the sample structure, including the thicknesses of layers and, 
if of sufficient resolution, defects can be observed. For QD structures, the dot 
size can be measured and an estimation of the QD density can be obtained. [8] 
Figure 2.16 shows a typical TEM bright field image of a buried QD grown by 
MOVPE, where the white region is the QD. 
Doping is important for reducing the electrical resistance of the device. 
However, the doping level needs to be controlled as high doping levels can 
introduce photon absorption by free carriers within the structure. Therefore, 
techniques are required to aid the calibration of the amount of doping being 
used. Two methods are available at the University of Sheffield to characterise 
the doping level, Hall measurement and electrochemical capacitance voltage 
(eCV). Hall measurements can only measure the doping in a single layer, as this 
technique will measure the overall current/voltage between the contacts and 
analysis of multiple layers is very complicated. Therefore, additional growths 
are required for each doped layer; multiple doped layers in a real structure 
cannot be measured. The Hall effect was discovered by Edwin Hall in 1879, 
where the application of a magnetic field to a current flow creates an electric 
field perpendicular to both the current flow and field. [9] The size of this field 
is related to the density of free carriers and the direction of the field allows the 
carrier type, electrons or holes, to be determined. By placing the semiconductor 
in a magnetic field, the Hall voltage, which results from the Hall field, can be 
measured. [10] Hall measurement requires four Ohmic contacts to the 
semiconductor wafer, formed by diffusing a suitable metal into the 
semiconductor, and formation of a particular sample geometry. Whilst a Hall 
measurement determines the free charge carrier density and type within a layer, 
eCV determines the density and charge of dopant ions within a depletion region 
formed at the surface.  It is possible to probe doped layers at different depths 
with eCV; reducing the number of calibration samples required. The eCV 
technique was developed by T. Ambridge and M. Faktor in 1975. [11] It uses 
an electrolyte to etch away the layers of the semiconductor, by measuring the 
current required to etch the semiconductor an etch depth can be calculated. To 
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measure the doping concentration a capacitance-voltage (C-V) measurement is 
performed. This takes place with the sample in reverse bias, creating a 
capacitance between the charge on the surface and the impurity ions within the 
depletion layer. [12] As with the Hall measurement, this technique is 
destructive. Figure 2.17 shows a typical eCV doping profile of a test structure 
containing three different doping levels, the top GaAs contact layer was doped 
to 1x1019 cm-3 and the upper Al0.42Ga0.58As cladding layer was doped to 1x1018 
and 5x1017 cm-3. The doping level is reduced close to the active region to reduce 
optical losses associated with high doping levels due to free carrier absorption. 
The measured doping level differs slightly from the intended doping levels 
especially as the etch depth becomes deeper. This is due to non-uniformity 
during the etch process, where a layer with a higher doping level, such as the 
top contact layer, may still be present when a layer with a much lower doping 
level, such as the Al0.42Ga0.58As cladding layer, is being measured and vice 
versa. 
Studying the optical spectra of a structure is an important part of understanding 
the material quality and composition. In this thesis, the two related techniques 
of photoluminescence (PL) and electroluminescence (EL) were used. Both PL 
 
Figure 2.17: eCV profile of the cap layer and upper cladding layer of a laser structure doped 
with carbon. 
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and EL initially create carriers in excited states but by two different methods. 
PL is the measurement of light emitted from a sample, with the carriers excited 
by absorption of higher energy photons. EL is the measurement of light emitted 
from a sample, where electrons and holes are electrically injected – figure 2.18. 
PL is typically excited with a laser having a photon energy higher than that of 
the barrier material so that strong absorption occurs. Hence electrons and holes 
are initially created in the barrier, however they diffuse and are quickly captured 
by the QDs or quantum well (QW) before recombination in the barrier occurs, 
due to the significantly longer recombination time (~ns) for the electrons and 
holes in the barrier compared to the relaxation time (~ps). A similar process 
occurs for EL although here the electrons and holes reach the QDs or QW from 
opposite directions. Although capture by QDs is via an excited state rapid carrier 
relaxation results in only emission from the QD ground state being observed. 
Particularly at low temperatures, following random capture by the dots 
 
Figure 2.18: Schematic diagram showing the transport of carriers and photon generation 
for current injection (top left), absorption (top right), spontaneous emission (middle) and 
stimulated emission (bottom). 
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recombination occurs and hence the emission spectra reflect the inhomogeneous 
distribution of dot shapes and sizes. As the temperature is increased carriers may 
be excited out of the dots and recaptured by a different dot, with recombination 
now weighted towards the larger dots with a deeper confining potential. If the 
exciting laser power or injection current is increased, it is possible to saturate 
the ground state of the QDs and excited state emission is observed. At very high 
powers / currents it may be possible to saturate all the QD states in which case 
emission from the wetting layer and possibly the barrier material will occur. In 
a non-laser structure, electrons and holes recombine to produce photons with a 
random direction and phase as shown in figure 2.18. For a laser structure, where 
there is a population inversion of the electrons and holes and a large photon 
density, recombination can be stimulated by an incident photon as shown in 
figure 2.18. This stimulated emission gives photons with the same phase, 
polarisation, wavelength and direction as the incident photon. The detailed 
principles of a laser will be discussed in chapter 4. 
PL is an important non-destructive measurement technique, which is 
extensively used to characterise a wide range of semiconductor structures. PL 
does not require any further fabrication following sample growth and produces 
quick feedback to aid in the optimisation of new and novel materials or 
structures.  The PL set-up shown in figure 2.19 was used to test all the samples 
discussed in section 2.5 of this thesis. The excitation is provided by a frequency 
doubled 532 nm neodymium doped yttrium aluminium garnet (Nd:YAG) laser 
producing 1 W of continuous output power. An optical chopper with a 50% duty 
cycle was used at 15 Hz to modulate the laser with a reference signal being 
 
Figure 2.19: Schematic diagram of the set-up used to measure PL spectra. 
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provided to a lock-in amplifier. The power incident on the sample can be varied 
from 1000 to 0.03 mW by the use of neutral density (ND) filters. The emission 
from the sample is collected and collimated by the same lens and the emission 
is passed through a low pass filter to remove the laser light. However, for all 
samples studied a feature at 1064 nm is observed, this is due to emission from 
the Nd:YAG laser. The PL is passed through a monochromator, which selects a 
narrow band of wavelengths to be detected using an InGaAs photodiode. The 
photodiode has a wavelength sensitivity range of 800 to 1650 nm and the output 
voltage is measured using the lock-in amplifier. The sample could be placed 
within a helium cryostat allowing the temperature to be varied from 5 up to 300 
K. Before all the measurements, the monochromator is set to the wavelength of 
the ground state emission of the sample and the lenses are adjusted to obtain the 
highest intensity signal.  
EL is a technique that requires fabrication of electrical injection devices, as 
described in chapter 4. It is hence more complex experimentally than PL but has 
the advantage of better control of the injected carrier density. The EL set-up 
shown in figure 2.20 was used to test all the mesa diode and broad area laser 
samples studied in chapter 4. Two types of current source were used to measure 
optical access mesa diodes, a continuous wave (CW) and a pulsed current 
source, the latter had a duty cycle of 1% and a pulse width of 1 µs. Pulsing the 
current reduces sample heating and allows higher injection currents up to 1 A. 
The emission from the sample is collected, collimated and focussed into a 
monochromator, which selects a narrow band of wavelengths to be detected 
using a liquid nitrogen cooled germanium photodiode. The photodiode has a 
 
Figure 2.20: Schematic diagram of the set-up used to measure EL emission. 
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wavelength sensitivity range of 800 to 1800 nm and the output voltage is 
measured using a digital multimeter. The sample holder could be placed within 
a liquid nitrogen cooled cryostat where the temperature can be varied from 77 
up to 300 K. 
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2.4 Low-Dimensional structures 
The electronic and optical properties of a semiconductor can be significantly 
changed by altering its dimensionality, achieved by reducing the size in one or 
more dimensions to of order a few 10’s nm or less. This modifies the carrier 
motion along these directions and results in energy quantisation.  
For bulk semiconductors there is no quantum confinement in any direction and 
therefore carriers are free to move in all three directions, resulting in an 
electronic density of states which varies as E1/2 , as shown in figure 2.21. For 
quantum wells (QWs), there is quantum confinement in the growth direction 
(1D) and therefore carriers are free to move in only two directions, giving a 
constant density of states for each confined state, as shown in figure 2.21. For 
quantum wires (QWRs), there is quantum confinement in the growth direction 
and one in plane direction (2D). Free movement of carriers is only possible 
along one in plane direction, resulting in a density of states of the form E-1/2 for 
each sub-band, as shown in figure 2.21. For quantum dots (QDs), there is 
quantum confinement in all directions (3D). Electrons and holes energies are 
fully quantized with a discrete density of states; this can be represented by delta 
functions, as shown in figure 2.21. This energy level structure is similar to that 
of an atom, with optical transitions expected to produce spectrally narrow 
emission. QDs are therefore often referred to as ‘artificial atoms’, figure 2.22. 
 
Figure 2.21: Schematic diagram of the density of states versus energy for bulk (3D) (top 
left), quantum well (2D) (top right), quantum wire (1D) (bottom left) and quantum dot 
(0D) (bottom right).  
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A complication of Stranski-Krastanov dots is that they exhibit a spread of size 
and shape. This causes a variation of the confined energy levels and hence an 
inhomogeneous broadening of the emission from a QD ensemble. At low 
temperatures the emission line width of a single QD, the homogeneous 
linewidth ΔEhom, can be as small as a few µeV, while the inhomogeneous 
linewidth of an ensemble of QDs, ΔEinhom, will be >10 meV. [13], [14] The 
formation of QDs will follow a normal distribution (Gaussian distribution) as 
shown in the AFM image in figure 2.14, with the peak of the distribution centred 
at the most common QD size, composition and aspect ratio, all of which affect 
the wavelength of emission. A significant drawback of this inhomogeneous 
broadening is that the gain in a QD laser is spread over a significant wavelength 
range, reducing the peak gain available. However, this inhomogeneous gain is 
useful for broadband amplifiers and tunable lasers, as the gain region is 
broadened due to the size difference of QDs within an ensemble. 
For low carrier injection levels, the average number of electrons or holes in a 
QD (the carrier occupancy) will be much less than one and hence only emission 
from the lowest energy transition is observed. With increasing carrier injection 
rate, the QD spectra will start to exhibit state filling effects. State filling occurs 
because the occupancy of the ground state is limited to two carriers (one spin 
up and one spin down), a result of the Pauli Exclusion Principle which states 
 
Figure 2.22: Diagram showing the spectral emission of a single QD (in red) and an 
ensemble of QDs (in blue). At low temperature, ΔEhom can be as low as a few µeV, while 
ΔEinhom will be >10 meV. [13], [14] 
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that no two electrons or holes can occupy the same quantum state. [15] In 
addition, the recombination times of the carriers is significantly longer than the 
relaxation time. Therefore, with the injection of additional carriers, higher 
energy states (excited states) will begin to be occupied. The recombination of 
carriers in these higher energy states will produce photons of higher energies 
(shorter wavelength). As the degeneracy of the excited states is greater than that 
of the ground state (a factor of two for the first excited state) [15]–[17] the 
maximum emission intensity of the first excited state is expected to be twice 
that of the ground state, as shown in figure 2.22. In a laser device, the maximum 
available gain will also be greater for the excited state in comparison to the 
ground state. Hence, if the ground state gain is insufficient to give lasing then 
lasing may occur via an excited state, although this will be at shorter wavelength 
and for a higher threshold current density. When studying QD structures it is 
important to determine the amount of inhomogeneous broadening and growth 
optimisation may be required to reduce this. As discussed previously, at high 
temperatures, carriers may transfer between QDs and not all QDs will contribute 
to the emission. Hence, measuring the EL or PL for low injection (average 
carrier occupancy <<1) and at low temperatures so that only ground state 
emission is observed, is necessary. [16] 
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2.5 Literature review 
Research into quantum dots (QDs) has been ongoing over the past 35 years due 
to their potential for new physics and the promise of reduced laser threshold 
current density and temperature insensitive threshold current density, as 
predicted by Arakawa and Sakaki in 1982. [18] Formation of QDs initially 
focused on the growth of QW structures (quantised in 1D) and then patterning 
of the wafer after growth using lithographic techniques. At the time, this was 
the only method available to fabricate QDs. Optical lithography techniques 
based on ultra-violet (UV) light provided limitations on the resolution (down to 
0.2 µm), this was overcome by using electron beam (e-Beam) lithography, with 
resolution down to 10 nm. [19] The patterned wafer was etched, either wet or 
dry, to form the free standing QDs. However, the etching, gave issues with the 
sidewall uniformity and damage to the surface layer, whilst residual strain in 
the structure was also an issue. Hence, these QDs were found not to produce 
bright luminescence and would be difficult to integrate within a laser structure. 
[19]  
With growth on patterned structures it is possible to overcome many of the 
issues associated with free standing QDs. Patterning of the substrate, using 
optical or e-Beam lithography, is used to define the position and potential size 
of the QD, as the growth is controlled by the holes. However, regardless of the 
starting template, including etched hole, V-grooves or inverted pyramids; there 
are issues with growth non-uniformity. [19] Several reports of QD growth on 
pattern substrates have appeared but issues with uniformity, reproducibility, 
density, optical quality and homogenous line width occur. [19]–[28] The best 
linewidth for a single QD is 7 µeV with typical linewidths on the order of 10’s 
µeV due to spectral jitter caused by Coulomb interactions from trapped charges 
at surfaces or defects. [29], [30] However, due to applications such as single 
photon sources, QDs fabricated on pattern wafers are still being developed due 
to their improved scalability. However, it is difficult to see how this technique 
could be used to fabricate the large number/density of QDs required for a laser.  
Self-assembled QDs, which uses the S-K growth mode, is the dominant method 
for fabricating InAs/GaAs QDs. QD formation is driven by the strain which 
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results when InAs is grown on GaAs. The QDs form in situ in the growth reactor 
so that their growth is fully compatible with both MBE and MOVPE.  The 
material quality is very high, with excellent radiative efficiencies as long as no 
defects are allowed to form.  A high density of dots is possible and the growth 
is reproducible. In addition, the incorporation of self-assembled QDs in opto-
electronic devices, such as the laser diode, is easier than other QD growth 
techniques, leading to commercially viable new and novel devices. [16], [17], 
[19] 
Understanding when the S-K growth transition occurs for the InAs/GaAs 
system is very important for the formation of the QDs. S-K growth of 
InAs/GaAs QDs occurs due to the 7% lattice mismatch between the lattice 
constants of GaAs (5.65325 Å) and InAs (6.0583 Å). When InAs is deposited 
on GaAs, elastic strain energy builds up in the initial 2D InAs QW, with the 
transition to 3D island growth allowing relaxation of this energy at the expense 
of increased surface energy. [17], [31] The 2D-3D transition was reported to 
occur above 1.5 ML by D. Bimberg, but no QDs were observed for InAs 
deposition of 1.6 ML, as reported by A. A. El-Emawy et al.. [17], [32] J. X. 
Chen et al. reported that RHEED patterns showed the 2D to 3D transition to 
occur at approximately 1.8 ML. [33] Therefore, the S-K transition for self-
assembled InAs/GaAs appears to be between 1.6 and 1.8 ML of InAs 
deposition. However, the amount of material required to give this transition will 
increase with increasing gallium concentration within the QDs, due to the 
smaller lattice constant difference, and hence lower strain. [17] Increasing the 
InAs coverage (up to 4 ML) beyond the 3D transition causes the QDs to ripen 
and increase in size, leading to a longer emission wavelength, which is 
beneficial when aiming for emission at 1.3 µm and beyond. [32], [34]–[41] 
However, as more InAs is deposited the QDs can become too large, resulting in 
defect formation and/or coalesced QDs, creating non-radiative recombination 
sites and significantly degraded the radiative efficiency. To avoid these issues, 
the InAs deposition should ideally be between 2 and 3 MLs. [32], [34], [37], 
[42]–[44] A related method of forming QDs is though the droplet epitaxy 
technique. As discussed in section 2.2, only the group III (indium) is used to 
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initially form island using the VW growth mode, after which the group V 
(arsenic) is used to create a crystalline QD. [45]–[48] 
MBE growth of InAs/GaAs QDs has been established for many years with the 
first reported growth in 1985 by L. Goldstein et al.. [49] Growth conditions for 
MBE InAs/GaAs QDs can vary significantly for all of the growth parameters, 
e.g. temperature from 450 to 520 °C, growth rate from 0.001 to 0.015 ML/s with 
the InAs coverage needing to be above the S-K transition at 1.7ML. The highest 
QD density reported using MBE is 7.76x1011 cm-2 by Chia et al.. [50] However, 
a QD density of ~6x1010 cm-2 is more commonly achieved and ground state 
lasing ≥ 1.3 µm, with threshold current densities down to 13 A/cm2 have been 
reported. [51]–[57]  
MOVPE growth of InAs/GaAs QDs has the advantage of ease of 
commercialisation due to the volume scalability and high uptime of the growth 
reactor. MOVPE growth of InAs/GaAs QDs has been studied by a number of 
research groups and some of the relevant work will be reviewed here. The first 
reported MOVPE growth of self-assembled InAs/GaAs QDs was in 1994 by J. 
Oshinowo et al.. [28] Understanding the effects of the basic growth parameters 
is of paramount importance in developing the ability to successful grow self-
assembled InAs/GaAs QDs and apply them to electro-optical devices. 
Growth temperature is possibly the most important parameters; it has been 
reported to affect the diffusion length of the indium atoms, and to alter the QD 
density, size, and emission wavelength. [32], [34], [35], [37], [44], [58]–[64] A 
growth temperature below 500°C is reported to produce small QDs (giving a 
short emission wavelength), with high densities achievable. However, with 
increasing temperature up to 500°C, the emission shifts towards 1.3 µm, which 
has been reported as being due to a change in QD shape from small pyramids to 
larger domes. [32], [34], [35], [37] Increasing the growth temperature above 
500°C can result in a reduction in the emission wavelength, with out-diffusion 
of indium into the capping layer and gallium diffusion in from the surrounding 
GaAs reducing the indium concentration in the QDs. [32], [34], [59]–[61], [65] 
In addition to this reduction in indium content, a reduction in the QD density 
can occur due to desorption of indium from the surface. Most reported optimal 
growth temperatures are between 485 and 520°C, although this can be increased 
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to 550°C to improve surface morphology, but with a decrease in QD density. 
QD formation has been reported up to 600°C, although this is for the formation 
of In0.5Ga0.5As QDs, with a low density and large coalesced islands formed. 
[37], [61] 
The QD growth rate can also affect the QD formation in a number of ways, such 
as altering their size and shape, density, emission wavelength and the number 
of coalesced QDs.  [32], [34], [35], [37], [44], [59], [60], [63], [64] Using a high 
growth rate will increase the number of nucleation sites. Increasing the amount 
of InAs deposited over a shorter period of time will cause an increase in the 
localised elastic strain and will form dots to relieve the strain, causing an 
increase in the number of nucleation sites. An increase in the density of 
nucleation sites will create smaller QD with a higher density (towards 6x1010 
cm-2), with a consistent amount of InAs is deposited there will be less material 
available for larger QDs to form. [32], [34], [35] Using a higher growth rate can 
result in a bimodal distribution of QDs, within which there are two distinct 
populations of dots that can be modelled by two Gaussian functions. Additional 
InAs deposition can aid the ripening of QDs, resulting in more dots in the 
population of larger QDs but can also create more coalesced dots. [66] Reducing 
the growth rate has the opposite effect, resulting in larger QDs with a lower 
density and longer emission wavelength (towards 1.3 µm). The growth rates 
reported vary substantially from 0.01 up to 2 ML/s. [32], [34], [35], [44], [59], 
[60], [63], [64] 
The V/III ratio during QD growth will affect the migration length of the indium 
atoms, influencing the size, density and emission wavelength. [32], [34], [35], 
[37], [44], [63], [64], [67] With a low V/III ratio, large QDs are formed having 
a longer emission wavelength but with a lower density. With a high V/III ratio, 
small QDs are formed having a shorter emission wavelength and a high density. 
However, if the V/III ratio is too high the defect density will increase, creating 
non-radiative recombination centres. Increasing the availability of the group V 
atoms at the growth surface reduces the indium migration length, allowing more 
nucleation sites for QDs to form and hence increasing the density. V/III ratios 
of 0.3 to 180 have been reported, giving a large parameter space to study. [32], 
[37], [59]–[61], [63], [64], [67], [68] 
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Extending the emission wavelength of InAs/GaAs self-assembled QDs, in order 
to reach 1.3 µm and beyond, is important for telecommunication applications. 
Initial studies of InAs/GaAs QDs with the dots grown in a GaAs matrix, showed 
that it was very difficult to reach 1.3 µm whilst maintaining a high optical 
efficiency. [63], [64], [68] A number of different methods can be used to extend 
the emission wavelength. QD seeding, by depositing an InGaAs layer before the 
deposition of the QDs, has been shown to extend the QD wavelength towards 
1.3 µm. Incorporating a strained InGaAs QW before the growth of the QDs 
reduces their elastic strain, allowing the formation of larger dots. The higher 
indium concentration below the QDs also reduces the out diffusion of indium 
as well as reducing the strain around the QD, extending their emission 
wavelength and improving their homogeneity and hence the emission linewidth. 
[69] Deposition of an InGaAs strain-reducing layer (SRL) above the QDs also 
reduces the strain around the dot, extending the wavelength towards 1.3 µm and 
beyond. [34], [35], [70]–[74] Here the QD formation occurs on GaAs but the 
dots are capped with a few nanometres of InGaAs. The strain around the QD is 
reduced due to the InGaAs layer, which has a much smaller lattice constant 
difference to InAs compared to GaAs. A lower QD strain directly decreases the 
band gap, red shifting the emission wavelength. [75] A related method is to 
grow the QDs within an InGaAs QW, referred to as a dot-in-a-well (DWELL) 
structure. Both the out diffusion of indium from the QD and the QD strain are 
reduced. This technique has been shown to extend the wavelength to 1.3 µm 
and beyond whilst giving devices with extremely low threshold current 
densities. [35], [55], [76], [77] 
Introduction of a growth interruption allows surface indium to desorb, which 
lowers the strain by removing excess indium, allowing for a more uniform 
epitaxial growth of the GaAs spacing layer. If this pause follows the growth of 
a thin GaAs cap layer the tips of larger QDs will be exposed above this layer 
with desorption from these dots creating a more uniform dot ensemble. The 
effects of capping with increasing concentration of aluminium in an AlGaAs 
layer has been shown to increase the QD emission efficiency, state separation 
and to give an initial red shift of the emission although a small blue shift is 
observed for high percentage aluminium. [78] 
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Surfactant growth using antimony is reported to enhance both the emission 
wavelength, increase the QD density and reduce the density of coalesced QDs. 
Antimony on the growth surface will lower the interfacial strain between the 
GaAs and InAs. This will allow the QDs to grow much larger and produce a 
higher QD indium concentration. In addition, a reduction in the number of 
relaxed QDs is observed. Overall the use of antimony as a surfactant is found to 
enhance the PL intensity and redshift the emission towards 1.5 µm. [79]–[85] 
Other techniques used to increase the QD density include growth on AlGaAs, 
which roughens the surface. QDs will nucleate at sites on this surface, 
increasing their density. However, a blueshift of the emission is observed and, 
due to the high strains involved with the nucleation, a high density of relaxed 
QDs is likely to form. [86]  
The growth conditions used for the upper cladding layer is important as the 
optimum MOVPE growth temperature for AlGaAs is significantly higher than 
the indium desorption and diffusion temperatures. The nominal growth 
temperature for aluminium containing layers is 680°C. Many annealing studies 
have reported the effect of high temperature on the QD properties with a 
blueshift in the QD emission observed due to the out diffusion of indium. 
Growth above 580°C is not advisable, so the growth of the AlGaAs upper 
cladding layer has to be performed significantly lower than the optimal 
temperature. [44], [68], [73], [87]–[95] However, growth of AlGaAs at low 
temperatures can cause the formation of dislocations and defects, with resultant 
surface morphology issues. [36], [67], [74], [96]–[101]  
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2.6 Quantum dot growth optimisation 
 As described previously in section 2.2, InAs/GaAs QD growth is achieved by 
the deposition of InAs on GaAs, where the S-K growth mode and the 7% lattice 
mismatch between the InAs epilayer and the GaAs drives the QD formation. 
This project aimed to establish QD growth by MOVPE on the Thomas Swan 
reactor at the University of Sheffield, and to develop strain balancing using a 
layer of GaAsP. The following QD properties are required: a QD ground state 
wavelength between 1.2 and 1.3 µm, a narrow linewidth < 50 meV, a high 
optical efficiency and a QD density per layer higher than 1x1010 cm-2. The 
growth parameters studied to attain the desired QD properties are: InAs 
coverage, growth rate and V/III ratio during both QD growth and capping. Each 
growth parameter was investigated to understand how the QDs are affected. 
Initial growth was for a single QD layer at a substrate temperature of 485°C, 
InAs growth rate of 0.04 ML/s and V/III ratios of 208 and 95 during QD growth 
and capping layer growth respectively. The growth temperature used is not a 
measured pyrometry true temperature of the substrate surface, the EpiTT, but 
the temperature taken from a reference step at 525°C and with the thermocouple 
temperature lowered by 40°C. This is because the lowest EpiTT was 520°C. 
Due to these difficulties in reliable temperature determination, the growth 
temperature was kept constant at 485°C. This temperature was used based on 
reports from the literature, as discussed in section 2.5. [32], [84] However, 
growth at a low temperature can cause issues with the reduction in cracking 
efficiencies and an increase in carbon incorporation, as discussed in section 2.1. 
[1] The indium growth rate was calibrated from the previous growth of an 
In0.48Ga0.52P layer, where the thickness was measured using TEM and the 
 
Figure 2.23: Diagram of the test structure used for the growth optimisation of the QDs. 
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composition was determined using XRD. The arsine flow rate for the QDs was 
taken from the nominal growth conditions for an InGaAs QW. GaAs capping 
arsine flow rate is taken from the nominal optimum growth conditions stated for 
the MOVPE reactor. All devices were grown on 2” Si doped (001) GaAs 
substrates, cut 3° off towards (110). A two stage capping process was used, with 
the initial 8 nm of GaAs grown at the same temperature as the QDs, and the 
subsequent 22 nm and Al0.42Ga0.58As cladding layer grown at the higher 
temperature of 525°C. The sample structure is shown in figure 2.23.  
PL spectra of the test structures were obtained using the set-up described in 
section 2.3. The samples were excited with a 1 W 532 nm Nd:YAG laser, with 
the optical power varied using neutral density (ND) filters, and the PL detected 
by an InGaAs detector. Identifying the S-K transition by altering the deposition 
of InAs from 1.4 to 2.4 ML was the first aim of the optimisation. PL spectra 
were obtained from all samples. As shown in figures 2.24 & 2.25 a significant 
shift in the peak wavelength is observed from 940 nm at 1.6 ML to 1250 nm at 
1.8 ML, with a sharp discontinuity between 1.6 and 1.8 ML, corresponding to 
the S-K transition.  
 
Figure 2.24: Room temperature normalised PL emission of single QD layers for different 
InAs coverage. 
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Below 1.6 ML, all of the emission is from the wetting layer with no observable 
emission at longer wavelength, as shown in figure 2.26. The shift in wavelength 
between 1.4 ML and 1.6 ML is due to the increase in thickness of the wetting 
layer reducing the confinement energies. Above 1.8 ML all the emission is in 
the 1250 nm region, which is where QD emission at room temperature is 
expected. From the literature, the expected critical thickness for the S-K 
transition is 1.7 ML, which agrees with the present observation.  Once QDs have 
formed very little or no emission is observed from the wetting layer due to 
efficient carrier capture by the QDs. However, at high excitation powers the 
wetting layer can be observed at 940 nm with no shift being observed with 
increasing InAs coverage. This suggests that the additional InAs causes ripening 
of the QDs and does not add to the wetting layer. [102]–[105] 
The shape of the QD emission is assumed to be Gaussian and can be fitted using 
equation (2.2), 
𝐼𝐼(𝜆𝜆) = 𝐼𝐼0𝑒𝑒− (𝜆𝜆−𝜆𝜆0)2�∆𝜆𝜆 2√2𝑙𝑙𝑙𝑙2� �2 (Eqn 2.2) 
 
 
Figure 2.25: Peak room temperature PL wavelength and ground state linewidth of a single 
QD layer as a function of InAs coverage. 
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where I0 is the maximum intensity, λ0 is the centre wavelength and Δλ is the full 
width at half maximum. Δλ gives an indication of the QD uniformity. The 
Gaussian is fitted to the low energy side of the lowest excitation power spectra 
(0.4 mW), to remove complications from higher energy states. The linewidths 
extracted from this fitting procedure are plotted in figure 2.25. The linewidth of 
the wetting layer is expected to be narrower than the linewidth of the QDs, for 
the 1.4 ML sample the linewidth is ~ 30 meV whereas it is of order 45~50 meV 
for all other samples. Even though the S-K transition appears not to have 
occurred for the 1.6 ML sample, based on its emission wavelength, the linewidth 
of this sample is significantly larger than that of the 1.4 ML and comparable 
with the linewidths of samples where QDs are known to be present. It is possible 
that there are already significant thickness variations in the QW of the 1.6 ML 
sample. Once QDs have formed, there is no systematic change in the emission 
linewidth. 
Power dependent PL was recorded for all samples. Samples with InAs coverage 
above 1.8 ML showed state filling effects. However, for samples with an InAs 
coverage less than 1.8 ML, high power (500 mW) spectra yield two peaks, the 
most intense peak is associated with the wetting layer and a secondary less 
 
Figure 2.26: Room temperature high excitation PL of a sample with an InAs coverage of 
1.6 ML. 
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intense peak at higher energy (shorter wavelength) is associated with bulk 
GaAs, as shown in figure 2.26. Figure 2.27 shows the power dependent PL for 
an InAs coverage of 1.8 ML, where the spectra are normalised to the ground 
state emission. At low laser excitation power only the ground state of the QDs 
is visible due to the low average number of excited excitons per QD (<<1). In 
addition, the carrier lifetime for carrier capture into the QDs via the wetting 
layer is in the region of picoseconds, which is faster than the recombination time 
of the GaAs and the wetting layer, in the region of nanoseconds. In some 
samples an additional higher energy (shorter wavelength) feature maybe visible 
at low excitation power due to population of a subset of smaller QDs. In 
addition, the carrier recombination time for the QD is in the region of 
nanoseconds compared to the capture time of picoseconds, which leads to state 
blocking and the carriers sit in excited states. With increasing laser power more 
carriers are available, allowing higher energy states to become occupied, this is 
indicative of QD behaviour. Inhomogeneous broadening of the emission occurs 
due to occupancy of different sized QDs, as discussed in section 2.3. A red shift 
of the emission is observed at high powers, which results from sample heating 
and the Coulomb effect, as discussed in section 2.3. Figure 2.28 shows that the 
 
Figure 2.27: Room temperature power dependant PL of a single QD layer with an InAs 
coverage of 1.8 ML. 
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integrated intensities of the GS and first excited state saturate, with the latter 
reaching a maximum value twice that of the former, reflecting its higher 
degeneracy (four compared to two). The area under a Gaussian peak is 
calculated by integrating the Gaussian function to give equation 2.3 
𝐼𝐼(𝜆𝜆) = ∫ 𝐼𝐼0𝑒𝑒−(𝜆𝜆−𝜆𝜆0)2 2� ∆𝜆𝜆2√2𝑙𝑙𝑙𝑙2�2� 𝑑𝑑𝜆𝜆 =  𝐼𝐼0 ∆𝜆𝜆2√2𝑙𝑙𝑙𝑙2√2𝜋𝜋∞−∞   (Eqn 2.3) 
At very high laser powers, emission from a second excited state is observed. 
[106] Figure 2.27 for the 1.8 ML sample shows the ground state at 1252 nm, the 
first excited state at 1150 nm and the second excited state at 1070 nm. The 
Sample InAs Coverage (ML) 
Peak 
wavelength Linewidth 
State 
Separation 
PL 
Intensity 
(a.u) nm eV nm meV nm meV 
TS1459 1.4 903 1.37 20 30.7 N/A N/A N/A 
TS1466 1.6 941 1.32 35 48.5 N/A N/A N/A 
TS1468 1.8 1252 0.990 57 45 108 91.2 1.1 
TS1470 2.0 1237 1.002 62 50.2 98 86.8 1.2 
TS1472 2.2 1243 0.997 58 46.4 100 84.5 1.2 
TS1474 2.4 1235 1.004 63 51.6 102 77.3 0.9 
Table 2.1: Summary of the sample properties with changing InAs coverage. 
 
Figure 2.28: Integrated PL intensities for different QD states. The data is for the sample 
with 1.8 ML and is recorded at room temperature. 
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inhomogeneous linewidth is 60 meV and the state separation between the 
ground state and first excited state is 87 meV. A large state separation is 
desirable as more energy is required for thermalisation of carriers into higher 
energy non-lasing states reducing the temperature sensitivity of the laser 
threshold current. Table 2.1 summarises the peak wavelengths, linewidths 
obtained from low excitation power spectra, and the state separation obtained 
from high excitation power (500 mW) spectra. The QD emission intensity, as 
measured using a PL mapper, is also given. The PL mapper excitation laser is a 
633 nm HeNe laser with an optical power of 8 mW and the detector is an InGaAs 
photodiode. The slit width used in all the measurements is 0.1 mm, a grating of 
150 g/mm and an 800 nm low pass filter was used. The intensities quoted are 
all peak intensities. Table 2.1 shows that once QDs have formed there is a 
decrease in the state separation as more InAs is added. This reduction most 
probably results from a change in the in plane dot size, suggesting that the QDs 
are becoming larger. There appears to be a decrease in the emission intensity 
for InAs coverage above 2.0 ML which may indicate the onset of the formation 
of dislocations. There is no systematic change in the emission linewidth. The 
results of Table 2.1 suggest that the optimum InAs coverage is 2.0 ML. 
Only one sample was sent for transmission electron microscopy (TEM), the 2.0 
ML coverage sample, which from the optical studies appears to be the optimum 
InAs coverage. From TEM images the average width and height of the QDs is 
determined using the software ImageJ. ImageJ is an image processing software 
 
Figure 2.29: TEM image of a QD structure grown at 485°C with 2 ML InAs coverage, 
0.04 ML/s growth rate and 50 sccm arsine flow. 
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that can be used to extract the size of QDs or their separation in multiple-layer 
structures. By using the scale bar, the number of pixels per nanometre can be 
defined and this is used in conjunction with a line drawn manually on the TEM 
image to extract a distance in nanometres. Figure 2.29 shows a dark field, cross-
sectional TEM image of the 2.0 ML coverage sample. The QD formation occurs 
on a wetting layer and the sample also shows an indium diffusion layer 
accumulated at the top of the low temperature grown GaAs cap.  The 
mechanism behind the formation of this layer is unclear and also how this layer 
affects carrier capture and recombination remains to be studied. Attempts at 
removing this layer will be discussed in section 2.6. From TEM images of this 
sample 30 QDs are measured to give an average width of 13 nm is measured, 
with a standard deviation of 2.5 nm, and average height of 5 nm with a standard 
deviation of 3 nm. 
Optimisation of the QD growth continued with an investigation of the effect of 
growth rate, keeping the InAs coverage constant at 2.0 ML.  Figure 2.30 shows 
the effect of growth rate on QD emission, comparing room temperature low 
power PL spectra for two representative samples, and figure 2.31 plots the peak 
wavelength and line width for all samples studied. As the growth rate increases  
 
Figure 2.30: Room temperature low power PL spectra of two QD structures for different 
growth rates. 
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Figure 2.31: Room temperature peak PL wavelength and the ground state linewidth for 
different growth rates 
 
Figure 2.32: Room temperature power dependant PL spectra of a single QD layer with a 
growth rate of 0.18 ML/s 
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from 0.04 ML/s to 0.18 ML/s, a reduction in the ground state wavelength from 
1237 nm to 1220 nm is observed. As discussed in section 2.4, an increase in 
growth rate will increase the number of nucleation sites during the growth, 
increasing the QD density whilst producing smaller QDs. The smaller QDs are 
expected to blue shift the PL emission, as shown in figure 2.31 and summarized 
in table 2.2. The two samples with different growth rates (0.04 ML/s and 0.18 
ML/s) shown in figure 2.30 were sent for TEM imaging by Dr Richard 
Beanland. At the higher growth rate, the average dot size is reduced from a 
width of 13 nm ±2.5 nm to 7 nm ±3.5 nm, and using the technique described in 
R. Beanland et al., the QD density was estimated to have increased by almost 
an order of magnitude from 4.5x109 cm-2 to 2.5x1010 cm-2. [8] From the PL 
mapper measurement an increase in peak emission intensity was observed (table 
2.2) as the growth rate is increased although with a decrease at the highest 
growth rate.  There is an initial reduction in the linewidth up to 0.1 ML/s 
followed by a small increase at higher growth rates.  
Figure 2.32 shows power dependent PL spectra for the sample with a growth 
rate of 0.18 ML /s, where the spectra are normalised with respect to the ground 
state. The ground state emission is at 1221 nm and the excited state emission is 
at 1150 nm, with an inhomogeneous linewidth of 55 meV and state separation 
of 69 meV. Figure 2.32 shows a weaker excited state emission at high powers 
in comparison to previously studied samples (figure 2.27), observed as a high 
energy shoulder to the ground state peak. This reduction is due to the increase 
in QD density with increased growth rate, with more carriers required to fill the 
ground states of the QDs. However, the state separation is smaller than the 
 
Figure 2.33: TEM image used to estimate the QD density of sample with a growth rate of 0.18 ML/s, 
where the QDs have been marked with yellows dots for ease of counting. Inset magnified TEM image. 
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samples with a slower growth rate, suggesting a change in the size of the QDs; 
this is shown in the TEM images. Figure 2.33 shows a tilted TEM image of the 
sample with a growth rate of 0.18 ML/s, where the QD density is estimated to 
be 2.6x1010 cm-2. Yellow markers have been added to allow the ease of counting 
for calculating the QD density. The method is described in R. Beanland et al. 
[8]. The inset of figure 2.33 shows an expanded TEM image. The average size 
of 107 QDs is determined to be 7 nm ± 3.5 nm width and height 4nm ±3nm. 
This shows a significant reduction in the QD size compared to the sample grown 
at 0.04 ML/s. Therefore, due to the increase in QD density and the increase in 
emission intensity the optimum growth rate is determined to be 0.18 ML/s. 
Table 2.2 summarises the measured peak wavelengths, linewidths  state 
separations, QD emission intensities and, where known, QD density.  
The next optimisation step is the V/III ratio used during the QD growth. For this 
investigation the InAs coverage was kept constant at 2.0 ML and the growth 
rate kept constant at 0.18 ML/s. As discussed at the start of section 2.6, the 
initial V/III ratio was taken from the growth conditions previously used for the 
growth of InGaAs QWs. As the V/III ratio is increased, it is expected that there 
will be a reduction in the emission wavelength and an increase in QD density, 
as discussed in section 2.4. Figure 2.34 demonstrates this behaviour, showing 
low power, room temperature PL spectra obtained from two samples, one with 
a low V/III ratio (100, equivalent to 25 sccm arsine flow) and the second with a 
high V/III ratio (625, equivalent to 150 sccm arsine flow). As the V/III ratio is 
increased from 100 to 625 the peak ground state emission wavelength is reduced  
Sample 
Growth 
Rate 
(ML/s) 
Peak 
wavelength Linewidth 
State 
Separation 
PL 
Intensity 
(a.u) 
QD 
Density 
(cm-2) nm eV nm meV nm meV 
TS1470 0.04 1237 1.002 62 50.2 98 86.8 1.2 4.5x109 
TS1477 0.08 1241 0.999 59 47.3 102 87.8 1.3 N/A 
TS1481 0.10 1228 1.010 54 44.4 93 81.5 1.3 N/A 
TS1483 0.12 1234 1.005 57 46.3 93 80.5 1.3 N/A 
TS1486 0.15 1225 1.012 58 47.7 83 72.3 1.4 N/A 
TS1499 0.18 1221 1.015 56 46.5 78 68.7 1.6 2.6x1010 
TS1522 0.20 1220 1.016 68 58.0 84 74.4 0.8 N/A 
Table 2.2: Summary of the sample properties with changing growth rate. 
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Figure 2.35: Room temperature peak PL wavelength and ground state linewidth for 
different V/III ratios during the QD growth. 
 
Figure 2.34 Room temperature PL spectra for low excitation power obtained from two 
samples with different V/III ratios during the QD growth. 
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from 1220 to 1190 nm, the expected behaviour. This reduction in emission 
wavelength is due to a larger amount of group V being available at the growth 
surface, which reduces the migration length of indium, allowing greater QD 
nucleation and hence smaller QDs to form. Due to the higher number of 
nucleation sites a reduction in uniformity is expected, which corresponds to the 
increased linewidth, as shown in figure 2.35. A decrease in QD size is seen in 
the blue shift of the emission as the V/III ratio increases. Due to excess group 
V atoms on the growth surface, an increase in V/III ratio should yield a higher 
QD density. However, TEM measurements of the QD density show a reduction 
in density as the V/III ratio is increased from 208 to 625. It is unclear why this 
decrease occurs, as it is the opposite effect to that reported in the literature. The 
optimum V/III ratio is a trade-off between QD intensity and wavelength. The 
highest emission intensity observed was at a V/III ratio of 416. However, due 
to the blueshift of the emission wavelength towards and below 1200 nm as the 
V/III ratio is increased, and the reduction in the QD density to 1x1010 cm-2 
observed for the highest V/III ratio, the V/III ratio was kept at 208. Table 2.3 
summarises the measured peak wavelengths, linewidths, state separations, QD 
emission intensities and, where known, QD density.  
In summary, for the growth optimisation of a single QD layer, the InAs coverage 
was varied from 1.4 to 2.4 ML, and the S-K transition observed between 1.6 
and 1.8 ML. The optimum InAs coverage was found to be 2.0 ML, where the 
highest QD intensity was observed and with a ground state wavelength of 1237 
nm and linewidth of 50.2 meV. Following optimisation of the InAs coverage, 
the growth rate was varied from 0.04 to 0.2 ML/s.  A blue shift of the ground 
state emission was observed with increasing growth rate. In addition, an 
increase in QD density was observed from 4.5x109 cm-2 at 0.04 ML/s to 
Sample V/III Ratio QD 
Peak 
wavelength Linewidth 
State 
Separation 
PL 
intensity 
(a.u) 
QD 
density 
(cm-2) nm eV nm meV nm meV 
TS1527 100 1223 1.014 52 43.9 77 67.7 1.4 N/A 
TS1499 208 1221 1.015 56 46.5 78 68.7 1.6 2.6x1010 
TS1530 416 1204 1.030 55 46.9 75 67.9 1.7 N/A 
TS1535 625 1184 1.047 59 52.7 90 85.4 1.2 1x1010 
Table 2.3: Summary of the sample properties with different V/III ratios during QD growth.  
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2.6x1010 cm-2 at 0.18 ML/s. The optimum growth rate was 0.18 ML/s, where 
both the highest QD density and highest QD emission intensity occurred. The 
ground state wavelength reduced to 1221 nm but the linewidth improved 
slightly to 46.5 meV. The last single layer parameter optimised was the V/III 
ratio used for the growth of the QDs. The V/III ratio was altered over the range 
100 to 625, with this change causing the ground state wavelength to be reduced 
to 1180 nm. The optimum V/III ratio chosen for future growth was 208, which 
gave the highest intensity and emission closest to the overall aim of 1300 nm. 
Following the optimisation process for a single QD layer, stacking of the 
optimised QD layers was attempted with further optimisation. Stacking of QD 
layers is important for the fabrication of lasers, amplifiers and solar cells.  
Increasing the number of QD layers is required to increase the amount of 
material gain within the active region. Increasing the material gain can reduce 
the threshold current density of a laser and increase the optical output power. 
This is beneficial in both amplifiers and laser devices. In addition, high number 
of layers are required for solar cells, where an increase in the absorption of 
incident photons is increased. Therefore, understanding the effects of stacking 
multiple QD layers and the effect on the QD properties is important. For this 
thesis, the V/III ratio used during the growth of the capping layer and the 
separation between QD layers is studied. Studies of the separation are discussed 
in detail in chapters 3 and 4. For the current study of the V/III ratio used during 
the growth of the capping layer, a stack of five QD layers was grown with a 
separation of 50 nm. Growth parameters were those of the optimised single QD 
layer: 2.0 ML for the InAs coverage, 0.18 ML/s for the growth rate and a V/III 
 
Figure 2.36: Nomarski image of two samples to show improved surface quality with a 
reduction in the V/III ratio used for the capping layer growth. 
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ratio during QD growth of 208. The initial V/III ratio for the capping layer was 
the standard V/III ratio used for previous growth of 95. However, after the first 
growth of stacked QDs with this V/III ratio, an issue with the surface 
morphology was observed, as shown in figure 2.36. Therefore, to solve this 
morphology issue an exploration of V/III ratios used during the capping layer 
growth was performed. The significant surface roughness visible in figure 2.36 
for a sample grown with a capping layer V/III ratio of 95 could be related to the 
low temperature growth of both the capping layer and upper cladding layer. To 
overcome this surface roughness there are a number of approaches that can be 
tried. The first approach is to grow the upper cladding and capping layers at a 
nominal temperature above 600°C, but this will blue shift the QDs due to out 
diffusion of indium. [78] An alternative approach is to reduce the V/III ratio to 
increase the diffusion length of the group III atoms, which should smooth the 
surface after the growth of the QDs. Unexpectedly, the V/III ratio used during 
the capping layer growth significantly affects the ground state wavelength and 
linewidth of the QDs. Therefore, the V/III ratio used during capping growth was 
explored in some detail.  
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Figure 2.37: Room temperature PL spectra for low excitation power obtained from two 
samples with different V/III ratios during the capping layer growth. 
 
Figure 2.38: Room temperature peak PL emission wavelength and ground state linewidth 
for different V/III ratios. 
Chapter 2: Epitaxial Growth & Quantum Dot Optimisation 
 
62 
 
The V/III ratio was changed from 3 (5 sccm) to 191 (340 sccm) for both the 
initial 8nm cap and the subsequent 42 nm GaAs spacing layer. As the arsine 
flow is decreased from 191 (340 sccm) to 3 (5 sccm), an increase in the ground 
state emission is observed, from 1197 nm to 1262 nm, as shown in figure 2.37. 
The mechanism behind this extension in wavelength is currently unknown, but  
it does seem an effective process in increasing the emission wavelength without 
using a SRL, previously discussed in section 2.5. Figure 2.38 shows how the 
ground state emission wavelength and linewidth are affected by altering the 
V/III ratio during the capping layer growth. This data and related parameters are 
given in table 2.5. As the V/III ratio is decreased from 191 there is an initial 
reduction in the QD ground state linewidth, with the narrowest linewidth (35.1 
meV) occurring for a V/III ratio of 48. An initial weak increase in ground state 
emission intensity is also observed; at lower V/III ratios, the intensity increases 
more rapidly but with a weak decrease below a ratio of 12. The highest emission 
intensity occurs for a V/III ratio of 12, at this value there is only a small increase 
in linewidth (38.6 meV) compared to the lowest value, which occurs for a ratio 
of 48. The QD density was determined using TEM for the sample with a V/III 
ratio of 12; here the average QD density for the five layers is 2.7x1010 cm-2, 
where the QD density varies layer by layer from 3.1x1010 to 2.5x1010 cm-2 - 
figure 2.39. The QD density of the single layer sample grown using the same 
growth conditions is 2.6x1010 cm-2. This is in agreement with the dot density of 
the five layer sample and suggests that the reduction in V/III ratio during the 
capping layer growth does not affect the dot density. 
 
Figure 2.39: TEM image of a five-layer QD structure grown at 485°C with 2 ML InAs 
coverage, 0.18 ML/s growth rate, 208 and 12 V/III ratios for the QD growth and capping 
layer growth respectively. 
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As well as the intrinsic QD properties, the final surface morphology is 
important. As the capping layer V/III ratio is reduced, the surface morphology 
improves with fewer defects and a smoother surface, as shown in figure 2.36. 
The optimum V/III ratio during the capping layer growth was identified to be 
12, giving a peak wavelength of 1260 nm, a narrow linewidth of 38.6 meV and 
the highest intensity of 5.9. Lowering the arsine flow will increase the group III 
migration length allowing infilling of defects, which reduces the number of 
defects and non-radiative recombination centres. Table 2.4 summarises the 
measured peak wavelengths, linewidths, state separations and QD emission 
intensity, for the samples grown with different V/III ratios for the capping layer. 
The TEM image of figure 2.39 shows the five QD layers with a 50 nm 
separation, which is thick enough for the strain produced by the QDs not to 
interfere with the nucleation sites of the QDs in the subsequent layer. As with 
the previous single layer devices, an indium diffusion layer is observed above 
each of the five QD layers in the stack.  
In summary, the effect of different growth parameters on the QD properties has 
been studied for a single QD layer and a five QD layer structure. The optimum 
single layer growth parameters are an InAs coverage of 2.0 ML, a QD growth 
rate of 0.18 ML/s and a V/III ratio of 208. For the stacked QD layers, as the 
V/III ratio was reduced the surface morphology improved. However, an 
unexpected red shift of the ground state emission wavelength was observed, 
Sample V/III ratio 
Peak 
wavelength Linewidth 
State 
separation 
PL 
Intensity 
(a.u) nm eV nm meV nm meV 
TS1575 191 1197 1.036 54 43.3 105 65.4 0.7 
TS1543 95 1222 1.015 51 39.2 102 71.7 1.6 
TS1579 48 1236 1.003 49 35.1 100 78.1 2.0 
TS1584 24 1249 0.993 46 36.5 97 82.8 3.7 
TS1602 12 1260 0.984 43 38.6 90 83.7 5.9 
TS1604 6 1260 0.984 47 39.7 81 85.5 5.4 
TS1608 3 1262 0.982 50 42.4 71 88.0 3.5 
Table 2.5: Summary of the sample properties for variation of the V/III ratio used during the 
capping layer growth. 
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leading to a detailed investigation of the V/III ratio used during the capping 
layer growth. As the V/III ratio was reduced from 191 to 12 the ground state 
wavelength increased from 1197 to 1262 nm with a narrowing of the ground 
state linewidth down to 35.1 meV at a V/III ratio of 48. As the V/III ratio was 
reduced further, an increase in peak wavelength was observed but below a value 
of 12 the QD emission intensity decreased suggesting an optimum V/III ratio 
during the capping layer growth of 12. 
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2.7 Removal of the Indium Diffusion Layer 
From the TEM images discussed in section 2.6 an additional uncontrolled layer 
is observed above the QDs. It is thought this layer is due to indium desorbing 
from the QDs and floating on the surface due to the low growth temperatures of 
the capping layer. In an attempt to remove the unintentional indium diffusion 
layer observed above in all QD layers samples studied, four new samples were 
grown under the same growth conditions but with a modification to the capping 
layer. The parameters used for the capping layer are shown in table 2.5.  Two 
different methods were used in an attempt to remove the unintentional indium 
diffusion layer. As with the samples discussed in section 2.5 a two stage capping 
process was used. An initial GaAs layer of 8 nm for samples A and D, and 15 
nm for samples B and D, was grown at the same temperature as the QDs. For 
the remaining GaAs capping layer and Al0.42Ga0.58As cladding, the temperature 
was increased to 525°C for samples A and B and 580°C for samples C and D. 
The sample structures are shown in figure 2.40. The first method is to keep the 
Sample 
Initial Cap 
thickness 
(nm) 
Cap growth 
Temperature (°C) 
A 8 nm 525 
B 15 nm 525 
C 15 nm 580 
D 8 nm 580 
Table 2.5: Summary of the capping layer growth temperatures and initial capping layer 
thicknesses. 
 
Figure 2.40: Diagram of the test structures for altering the initial cap thickness and the 
growth temperature of the subsequent cap. 
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capping layer growth temperature constant at 525°C but to attempt to bury all 
of the deposited indium by increasing the capping layer thickness to 15 nm. The 
second method is to increase the temperature to 580°C of the secondary cap 
layer to attempt to remove excess indium from the growth surface by indium 
desorption. With increasing temperature the upper capping layer and cladding 
layers are grown closer to their nominal optimum temperatures, improving the 
surface morphology. All four samples were fabricated into mesa diodes as 
described in chapter 4. Room temperature EL spectra for low injection current 
are shown in figure 2.41. All four samples have a similar ground state linewidth 
and all emit at the same peak wavelength, this is expected, as the QD growth 
conditions are identical. The identical emission wavelength confirms that the 
use of a higher temperature for the growth of the capping and cladding layers 
does not significantly alter the QD structure.  Sample D shows a high-energy 
shoulder, which could result from a low density of QDs and hence saturation of 
the ground state and population of the excited state. However, due to the QD 
growth parameters being identical for all four samples a significant change in 
QD density is unlikely. A more likely reason is a bimodal QD distribution in 
 
Figure 2.41: Room temperature EL spectra for low injection current of samples A, B, C 
and D to show the effect of the capping layer thickness and temperature.  
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sample D. Low temperature (77 K) and low current spectra were recorded for 
samples A and D, shown in figure 2.42. The high-energy shoulder for sample D 
is still observed strongly suggesting bimodal behaviour.  
All four samples were sent for TEM studies from which the QD density was 
estimated for sample A, B, C and D to be 1.7x1010 cm-2, 1.53x1010 cm-2,  
2.1x1010 cm-2 and 1.7x1010 cm-2, respectively. From the TEM images shown in 
figure 2.43, the indium diffusion layer is still present. As the initial capping 
 
Figure 2.42: Low temperature (77K) EL spectra for low injection current of samples A and 
D to show the effect of capping layer growth temperature. 
 
Figure 2.43: TEM images of all four samples showing the presence of the indium 
diffusion layer 
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layer is increased from 8 to 15 nm (figure 2.40), the indium diffusion layer is 
shifted to the top of the initial capping layer, as shown in the TEM images 
(figure 2.43). This means that indium is present on the surface during the growth 
of the initial capping layer. Increasing the temperature of the subsequent 
capping layer to 580°C for samples C and D, was expected to remove the indium 
via desorption, as discussed in section 2.1 and 2.5. However, this is not the case 
for this set of QD samples, as the TEM images show the presence of the indium 
diffusion layer at the top of the initial capping layer of 15 nm for sample C and 
at 8 nm for sample D. 
In summary, increasing the initial capping layer thickness from 8 to 15 nm, 
whilst keeping the capping temperature constant, was not successful in 
removing the indium diffusion layer. Increasing the growth temperature of the 
capping layer to remove the excess indium through desorption again failed to 
eliminate the indium diffusion layer. However, increasing the growth 
temperature of the capping layer resulted in the growth of this layer and 
subsequent layers being closer to the nominal optimum temperatures; this 
improves the final surface morphology. However, both increasing the 
temperature and increasing the capping layer thickness has failed to remove the 
indium diffusion layer.  
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2.8 Further Quantum Dot Optimisation 
In this section, the QD growth was completed by Mr Brett Harrision. Following 
the optimisation of the growth of InAs/GaAs QDs discussed in this chapter, the 
QDs were found to be grown with a substantially higher V/III ratio compared 
to values reported in the literature. A recent study, has looked at QDs grown at 
a much lower V/III ratio (5 - 40), more similar to literature reported values. 
However, the growth temperature (500°C) and growth rates (0.95 ML/s) were 
both increased, which led to the expected blue-shift of the QD ground state 
wavelength. In this study, an increase in the V/III ratio was found to surprisingly 
blue-shift the ground state wavelength (figure 2.44) and the intensity also 
improves, suggesting a larger number of smaller QDs in contrast to the study in 
this thesis and also as reported in the literature. [32], [37], [61], [64], [67] The 
expected effect of a decrease in V/III ratio is for the indium adatom migration 
to be lower, leading to a smaller but higher density of QDs, which is not seen 
here. Therefore, a different process, such as arsenic saturation at the surface or 
 
Figure 2.44: Room temperature PL spectra of samples where the V/III ratio has been 
changed. These samples were grown by Brett Harrison. Comparison is made with a 
spectrum of an optimised QD sample developed in this thesis. The new samples and the 
reference sample were measured under different experimental conditions. 
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changes in the surface morphology where the QDs are nucleated, must be 
occurring. Work is still ongoing to determine the QD density and to see if the 
indium diffusion layer has been removed. Figure 2.44 also shows a spectrum of 
the optimised single QD layer sample developed via the work in this thesis. 
Comparing with the more recent growth at significantly reduced V/III ratios it 
is seen that they exhibit a shorter wavelength ground state emission, but that 
their emission intensity is greater when measured under the same experimental 
conditions. This is due to the temperature and growth rate changes with the QDs 
in the new samples appearing to be related to the subset of smaller QDs seen in 
the bimodal distribution of some of the current QD samples - see chapter 4. 
Therefore, the revised growth parameters appear to significantly enhance the 
number of smaller QDs, which explains the observed blue-shift and possibly the 
higher PL efficiency as smaller dots are less likely to generate defects. 
In addition to lowering the V/III ratio, there is a continuation of attempts to 
remove the indium diffusion layer and also to study the effect of this layer on 
the QD wavelength, carrier capture and intensity. The only growth parameter 
not changed in the studies described in this thesis was the growth temperature 
due to the limitations of the EpiTT in reliably determining the substrate 
temperature. The growth temperature stated above is controlled by a reference 
temperature of 525°C, the QDs were grown 40°C below this as indicated by the 
thermocouple. The more recent QDs grown by Brett Harrison were grown at 
the higher temperature of 500°C. Therefore, a comprehensive study of the effect 
of growth temperature on the QD properties is required. 
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2.9 Conclusions  
In this chapter, the MBE and MOVPE growth techniques have been described, 
discussing their pros and cons along with the different epitaxial growth modes. 
The PL and EL characterisation set-ups and methods are introduced and 
discussed. Optimisation of the QD growth has been performed and this is 
discussed in section 2.6. The S-K transition occurs between 1.6 ML and 1.8 ML 
of InAs, which is in agreement with literature reports and also MBE growth. An 
InAs coverage of 2 ML was found to be the optimum value. It was observed 
that increasing the QD growth rate increases their density but also decreases the 
ground state emission wavelength. Using a growth rate of 0.18 ML/s was 
deemed to be optimum due to the reported QD density of 3x1010 cm-2. 
Increasing the V/III ratio for the QD growth resulted in a blue shift of the QD 
emission but did not produce the expected increase in QD density, therefore the 
V/III ratio was fixed at 208. In more recent work there is some evidence to 
suggest a much lower V/III ratio has advantages, in line with literature reported 
values. However, this study is still on going and the results are only preliminary. 
Stacking of QD layers is required to increase the material gain. To improve the 
surface morphology the V/III ratio during the capping layer growth was studied. 
Decreasing this ratio had the unexpected effect of red shifting the QD emission 
whilst also improving the final surface morphology. The V/III ratio for the 
capping layer was found to be optimum at 12. During the optimisation process, 
TEM images showed an indium diffusion layer above the QDs, Attempts were 
made to remove this layer by increasing the thickness of the initial cap and 
increasing the capping layer growth temperature. Neither method was found to 
be successful in removing the indium diffusion layer but the surface 
morphology was improved with the increase to 580°C of the capping layer 
growth temperature. 
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Chapter 3:  
Strain Balancing of Quantum 
Dot Layers 
3.1 Introduction 
The aim of this chapter is to introduce strain balancing, which has the potential 
to reduce the spacing thickness between the quantum dot (QD) layers without 
degrading device performance. Strain balancing removes the strain produced by 
a material layer with a material of the opposite strain, for instance, balancing a 
compressively strained layer (InGaAs on GaAs) with a tensile strained layer 
(GaP). [1] Therefore, the average strain in the complete structure can be reduced 
to zero. In this thesis, strain-balancing is introduced to try and reduce the total 
strain of each QD period to zero. Without this, successive layers of QDs, 
particularly if placed to close together, would cause a build-up of the total strain, 
quickly reaching the point where strain relaxation and dislocation formation 
occurs. Achieving strain balance should therefore allow closer vertical stacking; 
increasing the number of QD layers that can be placed close to the maximum of 
the cavity mode, hence achieving a higher total gain. Reports have suggested a 
maximum number of QD layers achievable without strain balancing is 10, 
whilst introducing strain balancing can increase the number of QD layers to 300. 
[2] Figure 3.1 shows the difference between a sample with a 50 nm spacing 
thickness without the incorporation of a GaAs0.8P0.2 strain-balancing layer and 
a 20 nm spacing layer with the incorporation of a GaAs0.8P0.2 strain-balancing 
layer. The strain-balancing layer achieves a net strain of zero for each QD layer 
repeat, allowing the separation between the QD layers to be reduced. For a layer 
QD areal density of 3.0x1010 cm-2, reducing the separation from 50 to 20 nm 
will increase the volumetric density by 2.5 times from 6.0x1015 to 1.5x1016 cm-
3. This increase in the volumetric QD density can, if placed close to the 
maximum of the cavity optical mode, increases the available gain, leading to a 
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lower threshold current density for a QD laser. InAs QDs grown on a GaAs 
substrate have a compressive strain (as high as 7% for InAs QDs). Hence, to 
achieve strain balancing a material with a tensile strain when grown on GaAs is 
needed. Although a phosphide containing material is an obvious choice, such 
materials are challenging to grow by molecular beam epitaxy (MBE) due to the 
difficulty in phosphorous management. In contrast, phosphide materials can be 
much more easily grown by metal-organic vapour phase epitaxy (MOVPE). 
Furthermore, MOVPE lends itself to large-scale manufacturing, due to a higher 
growth uptime and volume scalability. In addition, epitaxial regrowth is 
significantly more mature in MOVPE, with polycrystalline-free selective area 
regrowth being highly challenging for MBE. Therefore, growth of new and 
novel devices that require epitaxial regrowth and also a high volumetric density 
of QDs is much more feasible using MOVPE. This is the motivation behind the 
work described in this chapter. The strain balancing described in this thesis may 
 
Figure 3.1: Schematic of the strain-balancing scheme discussed in this chapter. 
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also find application in solar cells, which also require a large number of QD 
layers for efficient power conversion.  
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3.2 Background and Literature review 
This literature review aims to outline the current progress and state-of-the-art in 
strain-balancing material systems containing quantum wells (QWs) and/or QDs 
in optoelectronic devices. Strain occurs when two materials of different lattice 
constant are placed within a structure. There are two types of strain that occurs 
in epitaxy, compressive strain where a larger lattice constant material is grown 
on a smaller lattice constant material, and tensile strain where a smaller lattice 
constant material is grown on a larger lattice constant material. [1] For the GaAs 
based system, materials containing indium will produce compressive strain and 
materials containing phosphorous will produce tensile strain. This is 
unavoidable in most semiconductor material systems but is usually avoided by 
using materials of a similar lattice constant to reduce the amount of strain. When 
materials with a larger lattice mismatch have to be used then strain mitigation 
has to be achieved. The most common method is not to grow materials above 
the critical thickness for defect formation and to have a large spacing between 
successive highly strained layers. However, when the inter-layer spacing needs 
to be reduced, or the number of layers is increased, a more novel approach is 
needed.  
Devices containing highly strained material can exhibit imperfections within the 
crystal structure. A number of potential possibilities can occur including 
defects, threading dislocations, vacancies and polycrystalline formation. [1], [3] 
The build-up of elastic energy due to the strained layers is reduced by the 
formation of these imperfections. Their formation hence results from a trade-
off between elastic energy and the energy required to form the imperfection. 
Defects or dislocations in particular can act as non-radiative recombination 
centres, which reduce the optical efficiency. LEDs with a significant number of 
defects or dislocations would exhibit a reduced quantum efficiency and the 
threshold current density of a laser would increase significantly or the device 
may not lase at all. In addition, rapid aging and premature failure of laser 
devices may occur. [4], [5] None of these is a desirable outcome. The lattice 
relaxation that results from the formation of defects and/or dislocations causes 
the lattice constant of the strained material to be returned towards its original, 
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unstrained lattice constant. Lattice relaxation can result in a lattice constant 
between that of the substrate, where the relaxation will be zero, to that of the 
lattice constant of the original material, where the relaxation will be 100%. [6], 
[7] 
Strain balancing techniques are of great interest for epitaxial solar cells as it is 
desirable to have many QD layers and studies of potential materials suitable to 
compensate compressive strain. Many papers have been published on strain 
balancing solar cells containing large numbers of In1-xGaxAs QWs using 
different thicknesses and concentrations of phosphorous in a GaAszP1-z barrier. 
[8] Successful strain balancing has been shown to improve the crystallinity of 
the material, which in turn has improved the emission and absorption properties. 
[9] A consequence of producing a solar cell with too much stain is a reduction 
in the external quantum efficiency (EQE). A study looking at the impact of 
strain accumulation in multiple InGaAs QWs grown with different indium 
concentrations on GaAs has been reported by Sodabanlu et al. In this study, the 
effects of under compensating, over compensating and balancing the strain with 
a thin GaAs0.81P0.19 layer were investigated. [4] The under and over 
compensated devices showed a deterioration in both the open-circuit voltage 
and EQE when compared to a GaAs p-i-n reference device. This deterioration 
was linked to an increase in the number of dislocations, point defects and 
potential for lattice relaxation. However, the strain-balanced device was shown 
to have the highest EQE and improved open-circuit voltage, whilst also 
increasing the absorption wavelength range, suggesting improved crystallinity 
and a reduction in the number of defects.  Improving the crystalline quality is 
important to maximise the EQE. However, a large number of QWs are required 
to absorb a large fraction of the incident sunlight; some papers suggest more 
than 100 QWs are required. [9] If the QWs are strained, then very efficient strain 
balancing is required. The only practical choice of material is a phosphorus 
containing one, such as GaAsP. [10] The concentration of phosphorous will 
affect the material thickness required to achieve strain balancing but may also 
affect other device parameters, such as the electrical characteristics. For 
example, a large phosphorous composition will introduce potential barriers, 
potentially impeding efficient carrier transport. This issue is modelled and 
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tested in sections 3.3 and 3.6 of this thesis respectively. A number of different 
phosphorous concentrations have been reported in the literature of solar cells. 
[11]–[13] Lower concentrations of phosphorous have been reported to 
significantly improve solar cell performance with the short-circuit current 
density and open circuit voltage both showing improvements. For high 
phosphorous concentrations, the large barriers appear to be overcome by 
thermal assisted tunnelling. [14] In addition, higher phosphorous compositions 
extend the wavelength range over which strong absorption and efficient energy 
extraction occur, improving the internal quantum efficiency (IQE) and the 
short-circuit current density. [14] However, for an InGaAs MQW laser diode, 
large phosphorous concentration barriers have been found to increase the 
threshold current density. [15], [16] The optimum barrier concentration appears 
to be GaAs0.655P0.145, as reported by H. Dong et al.. [16] A consideration of 
effects occurring at the interfaces between the phosphorous and arsenic 
containing layers also needs to be considered and controlled. At the interface an 
exchange between phosphorous and arsenic atoms can occur, due to the 
phosphorous desorbing and being replaced by arsenic. If this occurs, the 
phosphorous concentration of the strain-balancing layer can be reduced, 
reducing its effectiveness. [17] 
Research into the strain balancing of structures and devices containing InAs 
QDs has focussed on the use of GaP, with both MBE and MOVPE grown 
structures studied. J. Tatebayashi et al. reported that a 4 ML thick GaP layer 
was sufficient to compensate for the strain caused by InAs/GaAs QDs. In 
addition to using GaP they reported the use of InxGa1-xP at two concentrations 
of indium x = 0.3 and 0.36, with a reduction in compressive strain of 25 to 35%. 
Improvements to the PL emission with the use of the strain compensating layers 
compared to the non-strain compensated device were found, with a 1.8, 6.2 and 
12.5 factor increase in PL emission for: 8 ML In0.36Ga0.64P, 8 ML In0.30Ga0.70P 
and 4 ML GaP, respectively. [18] The optimal thickness for the GaP was 
determined theoretically by elasticity theory to be 3.8 ML for full strain balance. 
However, an X-ray diffraction (XRD) and optical study, where the GaP 
thickness was varied from 3.1 to 5 ML in thickness found a slightly higher 
thickness. From XRD the strain peak was determined to be coincident with the 
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substrate peak for a thickness of 4.2 ML, this was confirmed by studies of the 
measured integrated PL intensity. [19], [20]  
Reducing the QD spacing thickness can be achieved with the introduction of a 
strain-compensating layer, which can allow the total number of QD layers to be 
significantly increased. However, some care is needed if the spacing thickness 
is reduced to a very small value as coupling between QDs in successive layers 
may occur, this can result in increased inhomogeneity of the QD electronic 
states. [20] An increase in the number of QD layers up to 300 has been reported, 
with the use of a strain-compensating layer. However, this was achieved for 
growth of InAs QDs on an InP substrate using an InGaAlAs spacing layer, 
which has a slightly smaller lattice constant than InP. Without a strain-
compensating layer, the growth of this large number of QD layers was not 
possible where a limit of 10 layers is reported. [2], [22], [23] Room temperature 
ground state lasing has been reported for strain-compensated QD layers grown 
by both epitaxial methods, with MOVPE grown GaP strain compensated 
devices achieving a threshold current density of 108 Acm-2 at a wavelength of 
1.33 µm, which is similar to MOVPE grown QDs without strain compensation 
(see chapter 4). [18], [24]–[27] Lasing has been reported up to 100°C. However, 
introduction of these strain compensation layers maybe detrimental to the 
electrical characteristics due to the incorporation of large potential barriers, as 
revealed by device modelling (section 3.3).  It is hence desirable to study the 
use of GaAsP strain-compensation layers where a lower barrier height is 
introduced but at the expense if less strain compensation for a given layer 
thickness. An alternative strain-balancing approach, previously reported, is the 
incorporation of InAs QDs directly into a GaAs1-zPz matrix. However, this 
causes an unwanted blue shift of the emission wavelength. [28], [29] This blue 
shift of the ground state wavelength has also been reported by P. Lever et al. 
where they grew InAs QDs directly on a GaP strain compensating layer. Both a 
reduction in the emission intensity and a blue shift of the wavelength was 
observed. [30]  
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In addition to laser devices, strain-compensating layers, such as the GaP, have 
proven vital in the balancing of strained layers in solar cells and semiconductor 
optical amplifiers. [4], [9], [11]–[14], [23], [31]–[33] 
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3.3 LaserMOD Modelling 
Strain balancing of InAs/GaAs QDs can be achieved using a GaAszP1-z layer. 
Therefore, it is important to understand the effects of placing a larger bandgap 
material between the QD layers on the electrical characteristics and also on the 
lasing threshold current density. Due to the additional complexity in modelling 
QDs, the modelling in this section will use the QW produced by the wetting 
layer as the active region. Modelling of the structures was achieved using 
LaserMOD provided by RSoft. Finite element analysis simulations are used to 
model the optical, electronic, gain characteristics and thermal properties of 
semiconductor photonic devices, such as lasers, super-luminescent diodes and 
light emitting diodes. LaserMOD is a self-consistent simulation software, where 
the gain is obtained from an 8x8 k.p calculation of the electronic band structure, 
allowing for an accurate determination of the density of states and the profile of 
the band states within the QW. [34] 
All simulation work was completed by another Ph. D. student, Mr Ian Tooley, 
using the device structure and emission wavelength provided by myself, the data 
was analysed and plotted by myself. The structure modelled was a dual 8 nm 
 
Figure 3.2: Diagram of the modelled QW device with the inclusion of a variable 
composition GaAsP barrier. 
 
Figure 3.3: Conduction band profile of the modelled device 
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In0.19Ga0.81As QWs emitting at 980 nm, with a 5 nm GaAszP1-z strain-balancing 
layer placed between the two QWs to study the effects of varying the 
phosphorous concentration. The device structure is shown in figure 3.2. 
In0.19Ga0.81As QWs emitting at 980 nm were chosen, as these will produce a 
similar strain to that produced by a layer of QDs, as calculated by the strain peak 
position with respect to the substrate peak position as discussed for the X-ray 
data in section 3.4. An emission wavelength of 980 nm gives a bandgap similar 
to that of the wetting layer in the QDs structure. The wetting layer is important 
for carrier transport in QD structures. Figure 3.3 shows the conduction band 
profile used in the model where it is clear that a barrier exists for electron 
transport across the active region. A similar effect is expected in the valence 
band; however, there is expected to be a smaller barrier compared to the 
conduction band. For a given barrier thickness there are competing effects of 
greater strain balance but higher barrier height as the phosphorus concentration 
is increased.  
The energy bandgaps of bulk unstrained GaAszP1-z increase with phosphorous 
concentration, following equations 3.1 and 3.2, from these bandgap values the 
 
Figure 3.4: Direct and indirect bandgap energies of an unstrained GaAsP layer as a 
function of arsenic concentrations. 
Chapter 3: Strain Balancing of Quantum Dot Layers 
 
91 
 
barrier heights can be found from a knowledge of the band offsets, which is 0.14 
eV for GaAs0.8P0.2. The direct bandgap of GaAszP1-z is given by equation 3.1, 
[35] 
𝐸𝐸𝑔𝑔𝑔𝑔 = 2.74 − 1.473𝑧𝑧 + 0.146𝑧𝑧2 𝐸𝐸𝐸𝐸𝐸𝐸 (3.1) 
where EgΓ is the direct bandgap energy and z is the arsenide concentration. The 
bandgap energy of the indirect transition associated with the X-valley is given 
by equation 3.2 [35] 
𝐸𝐸𝑔𝑔𝑔𝑔 = 1.907 + 0.144(1 − 𝑧𝑧) + 0.211(1 − 𝑧𝑧)2 𝐸𝐸𝐸𝐸𝐸𝐸 (3.2) 
where Egx is the indirect bandgap energy. The two equations are plotted in figure 
3.4, where a clear transition from a direct bandgap below GaAs0.5P0.5 to an 
indirect bandgap at higher phosphorous concentrations is seen. To understand 
how the band structure of the GaAszP1-z affects device performance the 
electrical characteristics are modelled for different compositions.  
 
Figure 3.5: Modelled IV characteristics for different phosphorus concentrations in a 
structure containing a 5nm strain-compensating layer 
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Figure 3.5 shows the modelled current-voltage (IV) behaviour, using the 
thermal activation over the barrier only, for a structure containing a 5 nm GaAsP 
strain-compensating layer for different phosphorous concentrations. As 
expected, the turn-on voltage for high phosphorous concentrations is increased. 
However, for phosphorous concentrations below GaAs0.8P0.2, there is no 
noticeable effect on the turn-on voltage or IV behaviour. This is due to the 
height of the barrier (0.14 eV for a concentration of 20%) being sufficiently low 
not to impede electron transport across the device. Above 1-z = 0.2, the turn-on 
voltage increases as the higher barrier starts to impede the carrier transport. This 
increase is linear for concentrations up to 1-z = 0.5, above 1-z = 0.5 the turn-on 
voltage increase is weaker most probably reflecting the reduction in the increase 
of the bandgap change, relating to the transition from a direct to an indirect band 
gap of GaAsP due to the increase in P concentration, as shown in figure 3.4.  
Further modelling was performed to understand the effects of the barrier height 
due to the GaAszP1-z layer on the light-current characteristics of a laser. Again, 
for a GaAszP1-z layer below 1-z = 0.2 no increase in the predicted threshold 
current is observed, Figure 3.6. Above l-z = 0.2 the threshold current increases, 
changing from 13.2 mA at 1-z = 0 to 17.9 mA at 1-z = 0.5, a 26% increase, 
Figure 3.6 (inset).  As was the case for the turn-on voltage there is a less rapid 
increase above 1-z = 0.5 due to the transition to an indirect bandgap. From these 
modelling results in can be concluded that the use of a GaAs0.8P0.2 strain-
balancing layer should not significantly affect either the IV turn-on behaviour 
or the lasing threshold current.  
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3.4 LEPTOS Modelling 
In this section X-Ray Diffraction (XRD) modelling is used to investigate how 
the different elements of the device structure, such as the repeat thickness and 
number of layers within the active region, will affect the XRD spectra, which 
are used to identify the achievement of successful strain balancing in section 
3.6.  
 The LEPTOS simulation package can model and extract real structure 
parameters from high-resolution X-Ray diffraction scans. This will be the focus 
of this thesis but other types of measurements, such as X-Ray reflectivity 
(XRR), grazing incidence diffraction (GID), stress measurements and reciprocal 
space mapping, can also be used. LEPTOS uses a recursion matrix extension to 
dynamical X-ray diffraction theory as developed by S. A. Stepanov et al. [36] 
Using this approach the algorithm calculates the scattering of X-rays over the 
entire range of incidence and exit angles for both strained and relaxed layers. 
This thesis will only consider the presence of strained layers (but including 
layers with zero strain) and assumes that all layers exhibit zero relaxation. 
Figure 3.8 shows the position of the X-ray source and detectors for an omega-
two theta scan. X-rays are incident on the crystal at an angle θ. A small fraction 
of the beam is reflected from each layer of atoms in the crystal, scattering is 
observed if the reflections from all the layers interferes constructively. In any 
crystal, there will be many sets of atomic planes that can potentially scatter the 
X-rays.  The angular difference between the scattered and incident beams is 2θ.  
 
Figure 3.8:  XRD set-up. The two waves, which reflect of successive atomic planes, have a 
path difference of 2dsinθ. For constructive interference (X-Ray diffraction), this path 
difference must equal an integral number of wavelengths. 
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Before any simulations are performed or samples measured experimentally, the 
Bragg angle of the GaAs substrate needs to be calculated. To calculate this 
diffraction angle the wavelength of the X-Rays used and the nature of the 
diffraction needs to be known. The X-Ray source used is CuΚα1, which has a 
wavelength of 1.540549 Å. A number of different reflections can be used but 
the [004] reflection was used for the work described in this thesis. The spacing 
between the [004] planes can be calculated using equation 3.3 [37]–[39] 
𝑑𝑑 = 𝑎𝑎
√ℎ2 + 𝑘𝑘2 + 𝑙𝑙2  𝐸𝐸𝐸𝐸𝐸𝐸 (3.3) 
where d is the spacing of the diffracting planes, a is the lattice constant of GaAs 
(5.65325Å), and h, k and l are the Miller indices. d for [004] diffraction in GaAs 
is calculated to be 1.4133Å. This value can now be substituted into the Bragg 
equation 3.4 to calculate the diffraction angle for bulk GaAs [37]–[39] 
𝐸𝐸𝑛𝑛 = 2𝑑𝑑 sin𝜃𝜃  𝐸𝐸𝐸𝐸𝐸𝐸 (3.4) 
where n is a positive integer, λ is the X-Ray wavelength and θ is the Bragg angle. 
For bulk GaAs and [004] diffraction, θ is calculated to be 33.0259°. This is the 
incident angle of the X-Ray beam needed to observe the GaAs substrate peak. 
The detector angle will be twice (2θ) the Bragg angle as the work in this thesis 
will focus on symmetric scans (incident and scattered beams having the same 
angle), which can be used to determine the out of plane lattice parameter. The 
Bragg angle and the detector angle calculated here are used as the initial values 
to align the XRD experiment in section 3.6. If a bulk GaAs sample is measured, 
only one diffraction peak will be observed at 33.0259°. If a layer of 
In0.19Ga0.81As is grown on the GaAs substrate, and is compressively strained to 
fit the inplane GaAs lattice constant, then a second diffraction peak will be 
observed.  This is because, via the Poisson effect, the out of plane lattice 
constant of the In0.19Ga0.81As will expand slightly from that of the GaAs lattice 
constant. Because in the Bragg equation dsinθ is a constant, a larger value of d 
will give a smaller value for θ. The scattering angle of the In0.19Ga0.81As can be 
determined using equations 3.3 and 3.4 if the Poisson ratio is also known. 
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Figure 3.9: [004] reflection modelling XRD spectra of a bulk InAs layer and thin InAs layer 
grown on a GaAs substrate. 
 
 
Figure 3.10: [004] reflection modelling XRD spectra of a bulk GaP layer and thin GaP layer 
grown on a GaAs substrate. 
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The lattice constant for unstrained In0.19Ga0.81As can be calculated using 
equation 3.5 [40] 
𝑎𝑎𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 = (𝑎𝑎𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 − 0.405𝑦𝑦) 𝐸𝐸𝐸𝐸𝐸𝐸 (3.5) 
where aInAs is the lattice constant in Angstroms for InAs (6.0583 Å) and y is the 
gallium concentration. Using equation 3.3 the [004] separation is calculated to 
be 1.4326 Å, corresponding to a Bragg angle of 32.5265°. This is the Bragg 
angle of an unstrained In0.19Ga0.81As layer, but is not the measured value 
because of the strain in the In0.19Ga0.81As layer.  As discussed previously, with 
the layer being compressively strained in plane, the out of plane lattice 
parameter will increase, increasing the value of d used in the Bragg equation. 
Therefore, the Bragg angle for a compressively strained layer will be smaller 
than the Bragg angle of an unstrained layer. For an inplane tensile strained 
material, the out of plane lattice parameter decreases. Therefore, the Bragg 
angle for a tensile strained layer will be larger than the Bragg angle of the 
corresponding unstrained layer. Modelling of bulk InAs, as shown in figure 3.9, 
gives a Bragg angle of 30.5668°. When a thin InAs layer is grown on GaAs the 
Bragg angle is reduced by 2.2647°, to 28.3021°. Using this new Bragg angle 
 
Figure 3.11: [004] reflection modelling XRD spectra for a thin InGaAs layer grown on 
GaAs as a function of In composition. 
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and equations 3.3 and 3.4, a new out of plane lattice constant of 6.4986 Å is 
calculated, giving an increase of 6.7% with respect to original InAs lattice 
constant.  
A similar analysis can be applied for GaP grown on GaAs, as shown in figure 
3.10. An increase from 34.4188° for a bulk GaP layer with a lattice constant of 
5.451 Å, to 35.7669° for GaP grown on GaAs, an increase of 1.3481°, is 
observed. Using this new Bragg angle and equations 3.3 and 3.4, a new out of 
plane lattice constant of 5.2714 Å is calculated, giving a decrease of 3.3% with 
respect to the original GaP lattice constant. 
A study of how varying the indium composition of a thin In1-xGaxAs layer 
grown on GaAs affects the X-ray spectra was performed. Figure 3.11 shows 
simulated spectra for a 7.6 nm InxGa1-xAs layer on a bulk GaAs substrate, for a 
range of indium compositions. Increasing the indium percentage increases the 
in plane compressive strain, increasing the out of plane lattice constant and 
decreasing the Bragg angle. The Bragg angle decreases linearly with indium 
composition, as shown in figure 3.12; this analysis is used to estimate the indium 
percentage in QD structures studied later in this thesis. Similarly, a 50 nm 
GaAszP1-z layer grown on a GaAs substrate was modelled for different 
phosphorous compositions. The lattice constant for GaAszP1-z can be calculated 
using equation 3.6 [41] 
𝑎𝑎𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐺𝐺 =  𝑎𝑎𝐼𝐼𝐼𝐼𝐺𝐺 + 0.2021𝑧𝑧  𝐸𝐸𝐸𝐸𝐸𝐸(3.6) 
where aGaP is the lattice constant in Angstroms for GaP (5.4505 Å) and z is the 
arsenic concentration. Figure 3.13 shows that the diffraction peak increasing 
with increasing phosphorus content as the in plane tensile strain increases. The 
shift of the diffraction peak with composition is also plotted in figure 3.12.  The 
diffraction peak of GaAszP1-z is seen to be less sensitive to composition in 
comparison to the diffraction peak of InxGa1-xAs this is due to the larger 
mismatch of InAs (6.7%) with GaAs compared to GaP (3.6%) with GaAs.  
Modelling of X-ray spectra for a single layer of In0.19Ga0.81As grown on a GaAs 
substrate, as a function of layer thickness from 0 to 100 nm, was performed. 
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Figure 3.12: Strain peak and substrate diffraction angles of both thin InGaAs and GaAsP 
layers grown on GaAs as a function of In or P concentration. 
 
 
Figure 3.13: [004] reflection modelling XRD spectra for variation of the phosphorous 
concentration of a GaAszP1-z layer. 
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Figure 3.14 shows the simulated spectra, which demonstrate a narrowing of the 
diffraction peak and reduction in the spacing between the Pendellosung 
(satellite) peaks for increasing In0.19Ga0.81As thickness. Satellite peaks are 
produced by the constructive and destructive interference of the diffracted X-
rays from the layers within the structure and the period of these peaks is 
determined by the thicknesses of the layers. A narrower diffraction peak for 
increasing thickness results from more atomic layers contributing to the 
diffraction; in the limit of a perfect bulk layer the diffraction peak would have 
zero width. Figure 3.15 plots the separation between the satellite peaks as a 
function of layer thickness; the separation reduces as the layer thickness 
increases. The relationship between the thickness of an epitaxial layer, t, and the 
period of the Pendellosung peaks is given by equation 3.6, [37] 
𝑡𝑡 = 𝑛𝑛2𝛥𝛥𝜃𝜃 sin𝜃𝜃𝐵𝐵  𝐸𝐸𝐸𝐸𝐸𝐸 (3.6) 
where λ, is the X-Ray wavelength, θB is the Bragg angle and Δθ is period of the 
satellite peaks. These results allow the thickness of a single epitaxial layer to be 
determined from the experimentally measured satellite peak separation.  
 
Figure 3.14: [004] reflection modelling XRD spectra for an In0.19Ga0.81As layer grown on 
GaAs for thickness varying between 0 and 100 nm.   
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The effect of increasing the number of repeats within a structure on the X-ray 
spectra was studied. Figure 3.16 shows a schematic diagram of the modelled 
structure, d1 and d2 (the thicknesses of the GaAs barriers and In0.19Ga0.81As QWs 
respectively) are kept constant, whilst the number of repeats is increased. Both 
the GaAs and In0.19Ga0.81As Bragg peaks remain at the same position for all 
spectra and the separation between the satellite peaks is constant, as the 
thicknesses of the layers are constant. However, the number of local minima 
between each satellite peak is related to the number of repeats in the structure. 
Figure 3.17 is a magnified plot of the region between two satellite peaks. This 
shows an increase in the number of local maxima and minima with increasing 
number of layer repeats as the number of repeats is increased from one to ten. 
 
Figure 3.15: Satellite peak separation as a function of In0.19Ga0.81As layer thickness. 
 
Figure 3.16: Schematic diagram of the XRD modelled QW device with variation in the 
number of repeats, spacing thickness and repeat thickness. 
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The number of minima plus one equals the number of repeats in the structure, a 
similar relationship is found for diffraction of light by a periodic array of slits. 
[37]–[39], [42] However, due to the resolution of the simulations the minima in 
the XRD spectra for the larger number of layer repeats becomes less defined. 
For the devices used in this thesis, only single layer and five layer samples were 
grown and studied. The XRD spectra for the five layer sample is expected to 
show four local minima. 
Increasing the separation between QWs has a similar effect to increasing the 
thickness of a single layer, where the spacing between the satellite peaks is 
reduced with an increasing thickness, as shown in the simulated spectra of figure 
3.18. Figure 3.19 plots the separation between satellite peaks as a function of 
QW separation; the total repeat thickness (d1 + d2) can be found using equation 
3.6 but not the individual thicknesses of the separation layer or the QW. 
However, as the separation layer thickness increases (this is the thickness of 
GaAs between the QWs) and the QW thickness is kept constant, the average 
concentration of indium within the active region is reduced. As a result, a shift 
in the zeroth order peak (z0) (the strain peak) is observed. The strain peak is the  
 
Figure 3.17: [004] reflection modelling XRD spectra for variation of the number of QW 
repeats. 
 
 
Chapter 3: Strain Balancing of Quantum Dot Layers 
 
102 
 
  
 
Figure 3.18: [004] reflection modelling XRD omega-two theta spectra for variation of the 
repeat thickness of a MQW sample. 
 
Figure 3.19: Separation of the satellite peaks as a function of the repeat thickness. 
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addition of the two Bragg reflections from the component parts of the repeat 
structure, GaAs and the In0.19Ga0.81As QW in this case. Satellite peaks are 
created centred around the strain peak; these can be used to calculate the 
thickness of the repeat structure as described previously. As shown in figure 
3.18, the strain peak is shifted closer to the substrate peak as the average 
composition of a repeat becomes closer to GaAs as the separation thickness 
increases. This was not the case for the single layer structure as shown in figure 
3.14 as the average concentration was kept constant and only the thickness of 
the InGaAs layer was changed.  
As with increase of the layer periodicity (figure 3.18), the addition of a strain-
compensating layer, GaAs0.8P0.2 in this case, can affect the position of the strain 
peak. To study this effect, modelling of a five layer 7.6 nm In0.19Ga0.81As QW 
in a GaAs matrix structure with a strain-compensating GaAs0.8P0.2 layer of 
varying thickness, figure 3.20, was used to calculate the thickness needed to 
achieve strain balance. Figure 3.21 shows simulated spectra for different 
thicknesses of GaAszP1-z for 1-z = 0.2. This composition was chosen as a result 
of the modelling discussed in section 3.3. Figure 3.22 shows how the strain peak 
varies with the thickness of the GaAs0.8P0.2 layer. The net strain is found to be 
minimised for a thickness of 4 nm, where difference between the strain peak 
and the substrate peak is zero. A related analysis can be performed if the 
thickness of the strain-compensating layer is fixed and the phosphorus 
concentration needs to determined.  As with increasing the thickness of a 
GaAs0.8P0.2 layer, the strain peak shifts from compressive to tensile strain as the 
phosphorus concentration is increased. 
  
 
Figure 3.20: Schematic diagram of the XRD modelled QW device with variation in the 
concentration of phosphorous and GaAs0.8P0.2 thickness. 
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Figure 3.21: [004] reflection modelling XRD spectra for variation of the thickness of the 
GaAs0.8P0.2 layer in the QW structure. 
 
 
Figure 3.22: Variation of the diffraction angle of the strain peak and substrate as a function 
of the thickness of the GaAs0.8P0.2 layer. 
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The required GaAs0.8P0.2 layer thickness required to strain balance the structure 
can also be found from the XRD spectra; using the Bragg angle of the substrate 
peak and angle of the strain peak the average lattice mismatch produced can be 
determined. The average mismatch, which is calculated from the non-strained 
balanced XRD. The lattice mismatch between GaAs and GaAs0.8P0.2 will 
produce an average strain depending on the relative thickness of the strain-
balancing layer and the spacing layer, which is dependent on the lattice 
mismatch between the two materials. The required strain balancing thickness 
can be calculated from equation 3.7 
𝑡𝑡𝐼𝐼𝑠𝑠 =  𝑡𝑡𝐼𝐼𝑠𝑠 � sin𝜃𝜃𝑆𝑆𝑆𝑆𝑠𝑠sin𝜃𝜃𝑆𝑆𝑆𝑆𝑆𝑆𝐼𝐼𝑆𝑆𝐼𝐼 − 1� 𝑎𝑎𝑆𝑆𝑆𝑆𝑠𝑠(𝑎𝑎𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐺𝐺 − 𝑎𝑎𝑆𝑆𝑆𝑆𝑠𝑠) 𝑎𝑎𝑆𝑆𝑆𝑆𝑠𝑠⁄  𝐸𝐸𝐸𝐸𝐸𝐸 3.7  
where tsb is the thickness of the GaAs0.8P0.2, θSub is the Bragg angle for the 
substrate peak, θStrain is the strain peak angle, tsl is the layer thickness separation, 
aSub is the GaAs (substrate) lattice parameter and aGaAsP is the lattice parameter 
of the GaAs0.8P0.2 strain compensating layer. Using equation 3.7 the GaAs0.8P0.2 
thickness required to strain balance a 7.6 nm In0.19Ga0.81As QW is calculated to 
be 4 ±0.5 nm, which is in line with the value of 4 nm calculated from the 
modelling. 
In this section, modelling of the behaviour of both compressive (InGaAs) and 
tensile (GaAsP) strained materials has been performed. The compositional 
dependence of the Bragg angle has been found, allowing angles measured from 
real structures to be used to determine compositions. Modelling of spectra for a 
variation in thickness of a single In0.19Ga0.81As layer grown on GaAs shows a 
small change in the position of the strain peak. However, this change is 
significantly smaller to the change observed in composition. In addition, the 
spacing between satellite peaks is reduced with an increase of thickness and the 
thickness of the layer can be calculated from the spacing of these peaks. 
Keeping the thickness of the In0.19Ga0.81As layer constant and changing the 
separation thickness has a similar effect, with the spacing between the satellite 
peaks decreasing with increasing separation allowing a determination of the 
total thickness of the repeat. In addition, a change in the average composition 
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of the repeat layers causes a shift in the strain peak. As the separation thickness 
is increased the strain peak shifts towards the GaAs substrate peak as the 
average indium content of one period decreases. Adding a strain-compensating 
layer (a layer with opposite strain to that of the In0.19Ga0.81As QW) can be used 
to balance the strain in the structure, which should allow the separation between 
highly strained QD layers to be reduced. For an In0.19Ga0.81As QW, which has 
a strain estimated to be similar to that of an InAs QD layer, a 4 nm GaAs0.8P0.2 
layer placed between the QWs was shown to fully compensate the strain caused 
by the QWs. 
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3.5 Growth Calibration 
In this section, the growth calibration required to obtain GaAs0.8P0.2 is 
discussed. To calibrate the GaAszP1-z composition the structure shown in figure 
3.25 was used. A 2 nm GaAs0.8P0.2 layer with a 50 nm GaAs separation with 30 
repeats was used to calibrate the phosphorous composition. The calibration of 
the growth rate is obtained from the growth of GaAs layers because the growth 
rate is controlled by the group-III flow. From previous calibrations, growth 
parameters were selected to obtain a phosphorous concentration of 20%. 
However, the achieved concentration depends on the ratio of the flow rates of 
the arsine and the phosphine as well as the growth temperature and can vary 
with time. The concentration of phosphorus in a grown sample can be 
determined using X-ray diffraction; a diffraction peak will be visible at a larger 
Bragg angle compared to the GaAs Bragg peak. This occurs because the GaAsP 
layer will be tensile strained as discussed in section 3.4. Figure 3.26 shows an 
X-ray spectrum of the calibration sample.  The repeat thickness can be 
determined from the difference between the substrate peak and the GaAsP peak. 
Using equation 3.6 and the measured separation the thickness is found to be 
52.3 nm, giving an error of 0.3 nm in comparison to the intended value. The 
phosphorous concentration can be calculated using equation 3.8, [37], [38] 
𝑥𝑥 = 𝑐𝑐𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 �1 + �1 − 𝜈𝜈1 + 𝜈𝜈 �sin𝜃𝜃𝐼𝐼sin𝜃𝜃𝑠𝑠 − 1��� − 𝑐𝑐𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼
𝑐𝑐𝐼𝐼𝐼𝐼𝐺𝐺−𝑐𝑐𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼
 𝐸𝐸𝐸𝐸𝐸𝐸 (3.8) 
where cGaAs is the lattice constant of GaAs, cGaP is the out of plane lattice 
constant of GaP, ν is the Poisson ratio and θs,l are the Bragg peak angles of the 
 
Figure 3.25: Schematic structure of the GaAsP calibration sample. 
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substrate and epitaxial material respectively. The concentration of phosphorous 
is calculated to be 19%. Based on this value, the flow of phosphine was 
increased in subsequent growths to give the desired phosphorous concentration 
of 20%.   
 
Figure 3.26: [004] reflection XRD spectra of the GaAsP calibration sample. 
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3.6 X-ray Diffraction Studies of Device 
Structures 
In this section, six structures are studied consisting of three pairs of samples 
with QD layer separations of 50, 30 and 20 nm. For each pair one sample is a 
strained strain-balanced structure, the other has no compensating GaAs0.8P0.2 
layer. All six samples contain five QD layers with 1.5 µm thick Al0.42Ga0.58As 
top and bottom cladding with doping levels of 1x1018 cm-3 carbon and 5x1017 
cm-3 silicon for the top and bottom layers respectively. A final 50 nm GaAs top 
contact layer is p-type doped with carbon to 1x1019 cm-3. XRD spectra are used 
to determine the strain and to confirm the number of repeats and the repeat 
thickness. TEM images are also used to confirm the sample parameters in 
conjunction with ImageJ software, which is used to extract distances from TEM 
images. 
All structures were studied in XRD using [004] symmetric reflections. 
Identifying the features in the XRD spectra is important to ensure correct 
labelling of the associated peaks and reliable extraction of structural parameters. 
To aid the identification of the XRD features, a sample with a thick 
 
Figure 3.27: [004] reflection XRD spectra of the AlGaAs calibration sample. 
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Al0.42Ga0.58As layer was grown on a GaAs substrate to identify the associated 
Bragg peak and to calculate the aluminium concentration. 
Figure 3.27 shows the XRD spectrum of the Al0.42Ga0.58As calibration sample. 
The nominal Al0.42Ga0.58As thickness is 1.5 µm. The spectrum shows two strong 
diffraction peaks. The peak at angle 33.03° is due to the GaAs substrate; this is 
the dominant peak due to the large amount of GaAs present in comparison to 
the epi-layer. The feature to the left of the substrate peak is the AlxGa1-xAs peak; 
the two peaks do not coincide due to the difference between the lattice constants 
of the two materials. The AlxGa1-xAs layer is compressively strained due to it 
having a larger unstrained lattice constant. Using equation 3.8 the concentration 
of aluminium is calculated to be x = 0.41, an error of 0.01 compared to the 
intended concentration. Again future growth parameters were altered slightly to 
obtain the desired aluminium concentration of x = 0.42. 
Sample A is a five layer 50 nm separation structure without GaAs0.8P0.2. Sample 
A’ has the same parameters except that a 5 nm GaAs0.8P0.2 layer, which is 
experimentally calculated from the XRD, is placed at the centre of the GaAs 
spacer layer between the QD layers and a final GaAs0.8P0.2 layer is added 
between the final QD layer and the top cladding (5 GaAs0.8P0.2 layer in total). 
In the sample with the GaAs0.8P0.2 layer, the total thickness of the GaAs spacer 
layer is reduced by 5 nm to keep the spacing between the QD layers constant. 
Samples B and B’ follow A and A’ except that the QD layer separation is 
reduced to 30 nm and for samples C and C’ the QD layer separation is reduced 
to 20 nm. For all the samples, the QD layers are grown at a temperature of 
485°C, with 2 ML InAs coverage, a rate of 0.18 ML/s and an arsine flow of 50 
sccm.  
XRD spectra of samples A and A’ are shown in figure 3.28. Focussing on 
sample A, the amount of strain balancing needed to overcome the total strain, is 
calculated by analysis of the position of the strain peak with respect to the 
substrate peak. The strain peak is the addition of the two Bragg reflections from 
the component parts of the repeat structure, as discussed in section 3.6. The 
dominant peak is associated with the GaAs substrate at 33.03° because the 
thickness of the substrate is far greater than any epitaxial layer within the 
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structure. The Al0.42Ga0.58As cladding layer is at 32.9832° and is identified with 
reference to figure 3.27, where the Al0.41Ga0.59As peak was observed to be at 
32.985°. The cladding layer peak is usually the second most dominant peak due 
to the thicknesses of the cladding layers. However, the current sample is 
complicated because the strain peak is close to the Al0.42Ga0.58As peak; the 
former is superimposed on the side of the latter peak. From analysis of the 
sample with just GaAs and Al0.42Ga0.58As, the strain peak is attributed to the 
stronger peak at a slightly smaller angle than the Al0.42Ga0.58As peak. This is 
confirmed by calculating the position of the strain peak from the observed 
fringes, the strain peak will be Δθ  (0.105°) away from the nearest satellite peak 
at θs1 (32.8719°). Therefore, the position of the strain peak for sample A is 
32.9769°, producing a compressive strain (Δa/as) of 0.001428. Using equation 
3.7 (section 3.4), the thickness of GaAs0.8P0.2 required is calculated from the 
positions of the substrate Bragg angle (33.03°), the position of the strain peak 
(32.9769°) and the thickness of the separation between the QD layers (50 nm). 
The thickness calculated is 5.6 nm. However, 5 nm is used for the strain-
compensating layer as over-compensating for the strain could cause the 
formation of additional defects. Previously, in section 3.4 a 4 nm GaAs0.8P0.2 
strain balancing layer was modelled to successfully strain balance a 7.6 nm 
 
Figure 3.28: 004 reflection XRD spectra of samples A and A’. 
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In0.19Ga0.81As QW. The difference in the required thickness is due to the 
difference in the average indium composition in the repeat. The model used the 
InGaAs QW from the LaserMod modelling, which could also be used as an 
estimate of the strain produced by the InAs QDs. However, it is not expected to 
require the same thickness of GaAs0.8P0.2. The separation between the satellite 
fringes (Δθ) can be used to determine the thickness of the repeat using equation 
3.6; a value of 50 ±3 nm is obtained. ImageJ was used to measure the separation 
between the QD layers shown in the TEM images in figure 3.29, the spacing 
thickness between the QD layers was determined to be 50 ±2 nm, which is in 
agreement with the XRD measurement. From the TEM it is observed the QDs 
are nucleated on a wetting layer, in addition an indium diffusion layer is 
observed above the QD, which is discussed in chapter 2. The number of repeats 
within the structure is confirmed by both XRD and TEM, where the number of 
minima between the satellite peaks equals the number of repeats plus one, as 
discussed in section 3.4.  
Sample A’ has the same Al0.42Ga0.58As cladding layer as sample A, which gives 
a very similar angle of 32.9829°, the number of repeats and repeat thickness are 
also the same. This similarity is confirmed by the number of minima between 
the fringes (4 minima) and the fringe separation (0.105°), respectively; this is 
also shown in the TEM image (figure 3.29). In addition, the TEM image shows 
the 5 nm GaAs0.8P0.2 layer between the QD layers; the thickness of this layer is 
 
Figure 3.29: TEM images of samples A and A’ with a layer separation of 50 nm.  
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confirmed using ImageJ to be 5 ±1 nm.To confirm that the addition of the 
GaAs0.8P0.2 layer has balanced the strain the position of the strain peak is 
determined. The strain peak angle can be calculated from the position of θs1 
(32.915°) plus the fringe separation of 0.105° to give a strain peak position of 
33.02°. Therefore, the strain peak is almost in line with the substrate peak 
meaning the structure is almost strain balanced. The angular difference between 
the strain peak and the substrate peak is 0.0102°. From the position of the 
 
Figure 3.31: TEM images of samples B and B’ with a separation of 30 nm. 
 
 
Figure 3.30: 004 reflection XRD spectra of samples B and B’. 
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substrate and strain peak, the remaining strain (Δa/as) within the structure is 
calculated to be 0.0002739 and to be compressive. 
XRD spectra of samples B and B’ are shown in figure 3.30. As with samples A 
and A’ the dominant peak is attributed to the substrate at 33.03°. However, the 
second most dominant peak for both samples B and B’ is associated with the 
Al0.42Ga0.58As cladding layers (32.9824°), due to a shift in the strain peak in 
sample B. This shift is associated with the average strain within the active 
region, which, because of the reduction in the spacing thickness, increases. Each 
QD layer produces the same amount of strain but when averaged over a smaller 
periodicity this leads to a higher average strain, a compressive strain of 
0.002747 is calculated. However, the structure will require the same amount of 
GaAs0.8P0.2 to achieve strain balance, a thickness of 5 nm. This can also be 
calculated from equation 3.7. As with samples A and A’ the QD layer separation 
can be calculated using the spacing between the satellite peaks. This spacing is 
increased to 0.170° in comparison to samples A and A’ and using equation 3.6 
this equates to a thickness of 30±3 nm. In addition to the XRD measurement, 
ImageJ was used to measure the separation between the QD layers in the TEM 
images of figure 3.31. The spacing thickness between the QD layers was 
determined to be 30 ±3 nm, in agreement with the XRD determined value. The 
number of repeats within the structure is the same as samples A and A’ as 
confirmed by the XRD spectra from the number of minima between the fringes 
(4 minima), and in the TEM image (figure 3.31). 
Sample B’ has the same Al0.42Ga0.58As cladding layer as sample B, exhibiting 
the same angle of 32.9824°. Both XRD and TEM (figures 3.30 & 3.31) confirm 
the number of repeats and repeat thickness Again the TEM image shows the 
additional 5 nm GaAs0.8P0.2 layer visible between the QD layers and the 
thickness is confirmed using ImageJ to be 5 ±1 nm. To confirm that the 
GaAs0.8P0.2 layer has balanced the strain within the structure the position of the 
strain peak is measured to occur at 33.0234°. The angular difference between 
the strain peak and the substrate peak is 0.0066°. From the position of the 
substrate and strain peak, the remaining strain (Δa/as) within the structure is 
calculated to be 0.0001772 and to be compressive. 
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XRD spectra of samples C and C’ are shown in figure 3.32. Again, the dominant 
peak is attributed to the substrate at 33.03°. As with samples B and B’ the second 
most dominant peak for both samples is associated with the Al0.42Ga0.58As 
cladding layers (32.9827°). Again, a shift in the strain peak for sample C is 
observed, resulting from the average strain within the active region increasing 
due to the reduction in the spacing thickness, a compressive strain of 0.004426 
is calculated. However, the structure will require the same amount of 
GaAs0.8P0.2 to achieve full strain balance, a thickness of 5 nm. From the spacing 
 
Figure 3.33: TEM images of samples C and C’ with a separation of 20nm.  
 
 
Figure 3.32: 004 reflection XRD spectra of samples C and C’. 
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between the satellite peaks and using equation 3.6 the QD layer separation is 
determined as 20 ±2 nm. The TEM images in figure 3.33, also gives a value of 
20 ±2 nm. The angular difference between the strain peak and the substrate peak 
is 0.0033°. From the position of the substrate and strain peak, the remaining 
strain (Δa/as) within the structure is calculated to be 0.0000886 and to be 
compressive. 
Table 3.1 summarises the measured parameters of the six QD structures grown 
using the optimised conditions and the introduction of a GaAs0.8P0.2 strain-
balancing layer. Strain balancing of three structures with three different 
separation thicknesses has been confirmed using XRD. All six structures show 
the expected fringe separation for QD layer separations of 50, 30 and 20 nm and 
all show the same number of repeats (five); this has also been confirmed from 
the TEM images. 
 
  
Sample Intended Separation 
Calculated 
Separation 
Strain within 
the structure 
Type of 
strain 
A 50 nm 50 ±3 nm 0.001428 Compressive 
 A' 50 nm 50 ±3 nm 0.0002739 Compressive 
B 30 nm 30 ±3 nm 0.002747 Compressive 
 B' 30 nm 30 ±3 nm 0.0001772 Compressive 
C 20 nm 20 ±2nm 0.004426 Compressive 
 C' 20 nm 20 ±2nm 0.000086 Compressive 
Table 3.1: Summary of the XRD positions of the substrate, strain peak and the fringe 
separation of all samples 
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3.7 Preliminary Electrical and optical 
characterisation 
Device fabrication and full characterisation will be discussed in detail in 
Chapter 4. Here preliminary electrical and optical measurements of 400 µm 
mesa diode structures fabricated from all 6 samples A, A’, B, B’, C and C’ are 
presented and discussed. All devices show essentially the same room 
temperature IV characteristics and all showing a comparable differential 
resistance of 1.5-2 Ω, figure 3.34. In particular, there appears to be no 
detrimental effects on the turn-on behaviour due to the addition of the 
GaAs0.8P0.2 layer. This is in agreement with the modelling presented in section 
3.3 which predicted no significant changes if the phosphorous composition was 
kept to 20% or lower. This observation strongly suggests that a 5 nm GaAs0.8P0.2 
layer can be used as an effective strain balancing layer without any significant 
perturbation of the electrical characteristics.  
Electroluminescence (EL) from 400 µm diameter mesa diodes was studied at 
room temperature using a continuous-wave (CW) current source with applied 
 
Figure 3.34: Room temperature IV characteristics for QD mesa diodes fabricated for all 
six samples. 
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currents between 1 mA and 100 mA. Emitted light was detected by a liquid 
nitrogen cooled germanium detector. Figure 3.35 shows normalised EL spectra 
of all six samples at both low (1 mA) and high (100 mA) excitation current, 
figure 3.36 shows the non-normalised high current EL spectra. Samples A and 
A’ show similar emission spectra with almost identical linewidths (47.2 meV 
and 47.3 meV) and ground state emission wavelengths (1237 nm and 1239 nm), 
indicating that there is no detrimental effect on the physical structure and 
electronic properties of the QDs arising from the incorporation of the 
GaAs0.8P0.2 layer. However, a slight reduction is observed in the absolute 
emission intensity (7.19 V and 6.35 V), as shown in figure 3.36, although this 
difference is within the experimental accuracy of the experimental setup. The 
TEM images of samples A and A’, figure 3.29, show similar numbers of QDs 
spread across the different layers. Samples B and B’ show similar low excitation 
current spectra, indicating that the GaAs0.8P0.2 layer has not affected the ground 
state emission; this is the transition which will be responsible for the lasing. 
However, an increase in the linewidth is observed compared to samples A and 
A’, with samples B and B’ giving linewidths of 54.1 meV and 55.4 meV, 
respectively but with no change in the ground state emission wavelength (1238 
nm and 1241 nm). At high current the excited state emission from sample B’ is 
relatively weak in comparison to the ground state emission than is the case for 
sample B. However, the overall absolute intensity is improved with the 
inclusion of the strain-balancing layer 4.57 V compared to 2.12 V for the ground 
state, figure 3.36. The reason for this difference is unclear although it is 
consistent with a slightly higher QD density in sample B’ so that more injected 
carriers are required to saturate the ground state. For a given current, this would 
result in a lower occupancy of the excited state. However, there is no evidence 
from the TEM images to support a significant difference in the QD densities 
between samples B and B’. The TEM images of samples B and B’, figure 3.31, 
suggest a reduced number of QD spread across the different layers, in 
comparison to samples A and A’. The increase in overall intensity in sample B’ 
compared to sample B, figure 3.36, suggests a benefit from the introduction of 
the strain balancing layer for relatively small separation thicknesses. Samples C 
and C’ show differences in the low current excitation spectra with sample C’ 
exhibiting a broadening of the ground state emission to 76.2 meV compared to 
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53.5 meV for sample C. This is consistent with a greater range of QD sizes in 
 
Figure 3.35: Room temperature low and high current CW EL of: (a) samples A & A’ 
(b) samples B & B’ and (c) samples C & C’ 
All spectra have been normalised to the ground state emission intensity. 
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sample C’. As well as the increase in linewidth for sample C’, both samples (C 
and C’) have a higher emission wavelength (1260 nm and 1276 nm) compared 
to the previous four samples. At high current the excited state emission from 
sample C’ is relatively weak with respect to the ground state emission than is 
the case for sample C, as shown in figure 3.36. However, similar to sample B’ 
the absolute intensity of this sample is higher than that of sample C, the intensity 
of the ground state is increased from 0.2 V to 1.08 V as shown in figure 3.36. 
Again, there is some evidence to suggest that the addition of the strain-balancing 
layer has an advantageous effect on the overall optical efficiency. The high 
current spectra of all six samples show a relatively sharp, high-energy feature 
at ~930 nm. This is attributed to emission from the wetting layer. This emission 
is particularly strong for sample C and less so for sample C’, this suggests a 
lower QD density in these samples so that a lower injection current is required 
to saturate the QD states and start populating the higher energy wetting layer 
states.  
The TEM image of sample C’, figure 3.33, shows that there is a vertical 
alignment of the QDs in different layers, with the QDs increasing in size in 
successive layers; this may explain why the QD emission is broader than for the 
other samples. Vertical alignment of QDs when the separation between layers 
 
Figure 3.36: Room temperature high current CW EL of samples A, A’, B, B’, C and C’. 
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is small has previously been reported. [43]–[47] This behaviour has been 
attributed to the strain field produced by QDs in the first layer acting as 
nucleation sites for QDs in the second layer etc. Because the QDs in the second 
and subsequent layers are affected by this strain field, their physical size and 
shape can be altered. The TEM image of sample C shows only a single QD in 
the first layer and no QDs in the subsequent layers, this may explain why there 
is a difference in the excited state emission at higher currents and why strong 
wetting layer emission is observed for this sample.  
Table 3.2 summarises the ground state wavelength, linewidth and intensities of 
both the ground and excited state for all six samples.  Clearly, the behaviour of 
these six samples is complex and it is difficult to draw any strong conclusions. 
Addition of the strain-balancing layer appears to causes no significant effect on 
the electrical characteristics for all three QD separations. In addition, for a 50 
nm separation the incorporation of the 5 nm GaAs0.8P0.2 layer produces no 
significant effect on the optical properties. For a separation of 30 nm (sample 
B’), a slight increase in the emission intensity results from the addition of the 
GaAs0.8P0.2 layer and a more significant improvement occurs for the 20 nm 
separation sample (sample C’). However, the spectra of samples B, B’, C and 
C’ show broadening of the emission and for C and C’ a significant blue shift. 
The reason for this behaviour is unclear but there is evidence for a decreasing 
QD density and vertical alignment of QDs for a layer separation of 20 nm. 
  
Sample 
Ground state 
wavelength Linewidth Ground state 
Intensity (a.u) 
Excited state 
Intensity (a.u) nm eV nm meV 
A 1237 1.002 58 47.2 7.19 7.64 
A' 1239 1.001 58 47.3 6.35 6.85 
B 1238 1.001 67 54.1 2.12 4.23 
B' 1241 0.999 68 55.4 4.57 6.69 
C 1260 0.984 68 53.5 0.2 0.97 
C' 1276 0.972 101 76.2 1.08 3.41 
Table 3.2: summary of the EL spectral data obtained for the six samples 
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3.8 Further Work 
 Further work is required to understand the mechanism(s) of carrier transport 
across the GaAszP1-z barrier layer. The modelling described in section 3.3 only 
considered a barrier thickness of 5 nm. This barrier thickness will change 
depending on the concentration of the phosphorous layer. Modelling of the 
different barrier thickness required for different concentrations of phosphorous 
would be of interest. Figure 3.37 shows the required thickness for different 
phosphorus concentrations, where the thicknesses have been calculated using 
equation 3.7. As the concentration of the phosphorus is increased, the thickness 
required to strain balanced is reduced. This is due to the larger difference 
between the lattices constant of the GaAs spacer layer and the GaAszP1-z strain-
compensation layer. The lattice mismatch between GaAs and GaAszP1-z will 
produce an average strain depending on the relative thickness of the strain-
balancing layer and the spacing layer, which is dependent on the lattice 
mismatch between the two materials. Therefore, a higher concentration of 
phosphorous in the strain balancing layer will require a thinner GaAszP1-z layer 
to compensate the strain produced by the QDs.  
 
Figure 3.37: Calculated required GaAsP thickness for a strain balancing layer of varying 
phosphorous concentration 
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There are two mechanisms by which carriers can be transported through the 
GaAsxP1-x barrier; thermal excitation over the barrier or quantum mechanical 
tunnelling through the barrier. The effectiveness of these two transport 
processes is expected to depend on both the height and width of the barrier for 
tunnelling and the height for thermal excitation. Hence, a study of different 
combinations of width and composition may allow these two processes to be 
studied and the composition that allows the most efficient carrier transport to be 
identified. For example, there may be advantages in using a concentration 
greater than 20% phosphorous. Growth of different strain-balanced samples will 
provide experimental confirmation of the modelling. In addition, studies of the 
positioning on the GaAsP layer could be performed. For example, this layer 
could be placed before the QD layers or split into two separate layers placed 
before and after each QD layer. Finally, a QD layer separation intermediate 
between 30 and 20 nm should be grown to determine the lower limit for non-
coupled QD layers. 
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3.9 Conclusions 
This chapter has introduced the concept of strain balancing with the aim of 
reducing the spacing thickness between QD layers in a laser structure. This 
reduction in the spacing thickness will lead to a higher volumetric density of 
QDs, which will aid in reducing the threshold current density and permit new 
and novel devices. In the literature review, the material systems and methods of 
strain balancing applied to solar cells and other opto-electronic devices have 
been discussed. Modelling of devices using LaserMod has shown the potential 
effects of the phosphorous concentration in a GaAsP strain-compensation layer 
on the electrical and optoelectronic characteristics of a simple dual QW device.  
Modelling of XRD spectra using Leptos software allows the interpretation of 
experimental spectra. The effects of varying the indium composition of an 
InGaAs layer and phosphorous composition of a GaAsP layer have been 
simulated. The former system gives compressive strain and the latter tensile 
strain. The effect of varying structural parameters, including layer thickness and 
repeat thicknesses, on the XRD spectra have been modelled. XRD modelling of 
a QW structure designed to replicate the strain in a QD system has shown that 
a 4nm GaAszP1-z layer with z = 0.2 should fully strain balance the QD structure. 
A growth calibration to ensure the correct phosphorous concentration has been 
performed, with the resulting structural parameters determined from the XRD 
spectrum.  
Six QD laser structures have been grown and mesa devices fabricated to study 
the effectiveness of strain balancing. Initially a 50 nm device (sample A) was 
grown to calculate the thickness of GaAs0.8P0.2 required to balance the strain in 
the structure. The required thickness was calculated to be 5.6 nm; however, a 
value of 5 nm was used to ensure the structure is not over compensated. Samples 
with three different spacing thicknesses of 50 nm (A and A’), 30 nm (B and B’) 
and 20 nm (C and C’) were grown with and without the GaAs0.8P0.2 strain-
balancing layer. All devices showed similar electrical characteristics and 
samples A and A’ also showed very similar optical characteristics. There is 
some evidence that the addition of the GaAs0.8P0.2 strain-balancing layer 
improves the QD emission efficiency of the 30 and 20 nm spacing samples but 
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the results for these samples are complicated by changes to the intrinsic QD 
properties.  
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Chapter 4: Optoelectronic 
Device Fabrication, 
Measurement and Modelling 
4.1 Introduction 
This chapter discusses the principles of device fabrication of devices. The 
differences between different types of photoresist (positive and negative) and 
etching techniques (dry and wet) are considered although only positive 
photoresist and wet etching are used in this thesis. Fabrication of broad area 
lasers and mesa diodes are discussed in detail in section 4.3, this section 
describes in detail the processing steps undertaken to produce the devices used 
in this thesis. After the devices are fabricated, they are tested and studied using 
a range of techniques. Temperature dependant studies of mesa diodes and laser 
devices are presented; the difficulties of obtaining a room temperature laser are 
discussed. Later continuation of the growth development resulted in a room 
temperature laser; results for this device are presented. The final section of this 
chapter discusses the potential for introducing quantum dots (QDs) into a 
photonic crystal surface emitting laser (PCSEL). The initial aim of this work 
was to use 1.3 µm emitting QD material supplied by the commercial company 
QD laser Inc. but with overgrowth of the material performed by MOVPE in 
Sheffield. The proposed QD-PCSEL structure is modelled using Photon 
Design’s FimmWave software. It is found necessary to develop a new 
waveguide design due to the lack of net modal gain achieved using a previous 
Sheffield design for photonic crystals using QW active regions. The new design 
poses many aspects of complication due to the use of AlAs. However, by 
fabricating the photonic crystals in a GaAs layer and using AlAs as the 
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overgrowth material, the AlAs would never be exposed therefore an AlAs/GaAs 
photonic crystal is possible. Initial structures with a planar waveguide have been 
grown and tested to ascertain any potential issues with the large barriers 
introduced by the AlAs.  
Chapter 4: Optoelectronic Device Fabrication, Measurement and Modelling 
 
134 
 
4.2 Background and literature review 
The literature review for this chapter, will discuss the principles behind the 
processing of semiconductor devices, the experimental technique of electro-
luminescence (EL) of QDs, QD Fabry-Perot laser devices and waveguide 
modelling with emphasis on structures containing photonic crystals.  
To ensure high yield and long device lifetime, it is clear that successful device 
fabrication requires high cleanliness. If there are particles on the sample this can 
result in defects occurring in the pattern transfer. For the photolithography step, 
a photosensitive material, the photoresist, is used to transfer a pattern from a 
mask to the semiconductor. The photoresist is exposed with ultra-violet (UV) 
light via the pattern, which alters the structure of the photoresist. Photoresist is 
available in two forms, positive and negative. For positive photoresist the 
exposed areas become more soluble in the developer, and therefore removed. 
With negative photoresist, the exposed areas become less soluble and it is the 
unexposed areas that are removed by the developer. [1] After removal of some 
of the photoresist to define exposed and unexposed areas on the sample, either 
metal deposition or chemical etching can be used to transfer the pattern to the 
semiconductor wafer. When depositing metals to produce contacts it is 
important to use metals with an appropriate work function. For an n-type 
contact, the work function of the metal is required to be smaller than the work 
function in the semiconductor. Conversely, to produce a p-type contact the work 
function of the metal is required to be larger than the work function of the 
semiconductor. [2] For chemical etching, two techniques are possible wet and 
dry. Wet chemical etching is used more extensively as a blanket etch where no 
pattern is transferred to the sample but instead a layer of material is to be 
removed. There are many aspects to wet chemical etching that can affect the 
process, for example both the concentration and the temperature can affect the 
etch rates. The profile produced by wet chemical etching is generally isotropic, 
where the vertical and lateral etch rates are the same and therefore undercutting 
of the pattern can affect the resolution of the resultant features. However, 
anisotropic etches can occur depending on the selectivity of the different crystal 
surfaces. Dry chemical etching produces more uniform sidewalls due to the 
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lateral etch rate being close to or equal to zero. Other issues, such as etching of 
the protecting photoresist can pose a problem, but a hard mask produced using 
an oxide layer can remove this issue, but at the expense of introducing extra 
processing steps. [1] However, the protecting hard mask can also be etched 
during the processing; this can be mitigated by deposition of a thicker layer. 
EL produced by the spontaneous emission of a QD ensemble provides valuable 
information about the structural and electronic properties of the QDs. Initial 
studies in this thesis focus on optical access mesa diode, where the temperature 
dependence of the EL was measured. The emission energy of all 
semiconductors is expected to change with temperature due to Varshni’s law, a 
result of the bandgap decreasing with increasing temperature. The increase of 
the lattice spacing due to the thermal expansion coefficient provides one 
contribution but the increased phonon population and interaction with the 
electronic states is the dominant cause.  [3] Inhibited thermalization of carriers 
at low temperature yields the opportunity to study the random population of the 
full QD ensemble for conditions where the average number of carriers per QD 
is less than one. In this case, ground state emission produced by the full 
ensemble can be studied, without higher energy state interference, and QD size 
and shape bimodality issues can be observed. Reducing QD bimodality is 
important for maximising modal gain in a laser. Increasing the InAs coverage 
has been reported to reduce the bimodality of the QDs but at the possible 
expense of creating defects, which may act as non-radiative centres and also 
increase the internal loss via photon scattering. A comparison of the EL 
intensities between different samples allows relative radiative efficiencies to be 
determined. EL measured as a function of temperature, where the integrated 
intensity is determined, can be used to deduce an activation energy for the loss 
of carriers from the optically active states.  [4] The activation energy is defined 
as the additional energy required for carriers to be thermally excited to a higher 
energy state. Therefore, the higher this energy the less carriers are lost at a given 
temperature. For QDs an activation energy value in the region of 100 meV has 
been reported although the nature of the state to which carriers are lost from the 
ground state of the QDs is not always clear. [5]–[9] Quenching of the QD 
emission at higher temperatures, as reported by Brusaferri et al., is attributed to 
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carrier escape through non-radiative recombination centres in the GaAs. At 
intermediate temperatures (50–150 K), there is a transfer of carriers out of the 
high-energy QDs to the low-energy QDs whilst maintaining the same overall 
integrated intensity. [7] A similar effect has been studied by Dai et al. who 
reported differences in the activation energies of the larger (low-energy) QDs 
compared to the smaller (high-energy) QDs, with the larger QDs yielding a 
higher activation energy of 112 meV and the smaller QDs yielding an activation 
energy of 66 meV. [9] Room temperature spectral measurement of InAs/GaAs 
QDs reveal emission between 1.1 and 1.5 µm depending on the properties of 
the QD, such as the indium concentration, strain around the QD and the size of 
the QD. [10]–[21]  
The laser was proposed by Schawlow and Townes at Bell laboratories in 1958, 
and first demonstrated in 1960 by T. Maiman using optically pumped ruby. [22], 
[23] The first gas discharge laser was demonstrated in 1961 by A. Javan et al.. 
[24] The first semiconductor laser was reported in 1962 by R. Hall et al., 
although it was not until the development of the heterostructure laser in 1970, 
by Z. Alferov and I Kroemer, and slightly later or simultaneously by I. Hayashi 
and M. Panish, that practical semiconductor lasers became a reality. [25] The 
lasers used in the first part of this thesis all use a Fabry-Perot cavity, where two 
plane and parallel mirrors create feedback within the active gain region. The 
Fabry-Perot cavity was first introduced in 1899, where Charles Fabry and 
Alfred Perot developed the idea. [26] For a laser to work a population inversion 
is required, for a semiconductor laser this requires an excess of electrons in the 
conduction band and holes in the valence band. This is typically achieved in a 
forward biased p-i-n structure.  Spontaneous recombination occurs where an 
electron and hole recombine randomly to produce a photon. If the 
recombination is stimulated by an existing photon the electron and hole 
recombines and a photon of light is produced with the same properties as that 
of the incident photon, the two photons are coherent. As light passes through a 
cavity with a population inversion, the light will be amplified with the end facet 
mirrors providing feedback. Once the amount of gain equals the total losses of 
the cavity (composed of mirror losses and internal loss) the laser will start to 
lase. 
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QD lasers have been reported to reduce the threshold current density, compared 
to QW and bulk lasers, and improve the temperature stability of the threshold 
current density, as reported by K. Otsubo et al.. [27]–[29] The lowest reported 
threshold current density for a QW laser is 50 A cm-2 by G. W. Turner et al.. 
[30] A number of groups have reported the successful fabrication of InAs/GaAs 
self-assembled QD lasers by molecular beam epitaxy (MBE) operating in the 
spectral region close to 1.3 µm, with varying threshold current densities. The 
lowest reported threshold current density is by Eliseev et al. with a value of 13 
Acm-2; other groups have reported similar low threshold current densities with 
values below 100 Acm-2, all grown by MBE. [31]–[37] However, such low 
threshold current densities have proven to be difficult to achieve for metal-
organic vapour phase epitaxy (MOVPE) grown InAs/GaAs self-assembled QD 
lasers. Passaseo et al. studied similar QD laser structures grown by MBE and 
MOVPE. The MOVPE grown laser gave lasing from an excited state and with 
a much higher threshold current density of 203 A cm-2 compared to ground state 
laser and a threshold current density of 147 A cm-2 for the MBE grown device. 
[38] This difference was attributed to the MOVPE grown QDs having well 
defined facets which results in strong piezo-electric fields and a strong reduction 
in the oscillator strength of the ground state emission. For the fabricated devices, 
the maximum ground state gain was insufficient to allow lasing. For MOVPE 
grown QD lasers the lowest reported threshold current density is 108 A cm-2 for 
a ground state laser at 1.18 µm. Higher current densities for ground state QD 
lasing have been reported, with values typically between 108 and 250 A cm-2 
for lasing wavelengths between 1.14 and 1.33 µm. [21], [39]–[46]  
The temperature sensitivity of the threshold current density is still an issue for 
QD lasers, and departs from the ideal predicted constant value due to non-ideal 
dots. Ideal QDs have uniform size and shape but in reality, there is an 
inhomogeneous distribution. In addition, the QDs and surrounding matrix 
contain states with energies above the QD ground state, allowing thermal carrier 
loss, therefore reducing the number of available carriers in the lasing states. 
[47], [48] A reduction in the threshold current density has been observed with 
increasing operating temperatures from 50 to 150 K (so-called negative-T0 
behaviour). This is attributed to a process where, at low temperature, all QDs 
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are equally populated with carriers, whilst at higher temperatures carriers 
transfer preferentially into the lowest energy QDs (larger QDs) giving a higher 
peak gain for a given injection level. [47], [48] By modulation doping the QDs 
p-type it appears possible to shift this negative-T0 behaviour and minimum of 
the threshold current density close to room temperature, possibly via an increase 
in the confinement potential for electrons via their attraction to the positively 
charged QDs. This increases the temperature at which thermalisation within the 
QD ensemble occurs and gives increased stability around room temperature 
although the absolute threshold current density value is increased, possibly due 
to increased free carrier absorption. [49], [50] 
Fabry-Perot lasers have closely spaced modes and hence typically exhibit multi-
mode lasing. Selectivity of the lasing wavelength can be achieved via a photonic 
structure in which there is a periodic variation in the refractive index. [51] 
Inhibiting light emission is achieved through multiple reflections with 
destructive interference to create a photonic band gap. With suitable design, a 
device can be engineered to produce a single mode laser by inhibiting the 
spontaneous emission from other modes.  [52], [53] For an in-plane Fabry-Perot 
cavity laser a periodic reflector, known as  a Bragg grating, gives distributed 
feedback (DFB), and can be used instead of a highly reflective mirror to create 
a single mode device. [53]–[55] The first vertical cavity surface emitting laser 
(VCSEL) was developed by K. Iga in 1977 and reported in 1979. [56]–[58] A 
VSCSEL uses two Bragg mirrors placed above and below the active region to 
give a vertical cavity. Both the DFB and DBR are examples of one-dimensional 
photonic-structures. [59] 
Limitations to the optical output power emitted by VCSELs has led to the 
development of the photonic crystal surface emitting lasers (PCSELs), which 
uses a two dimensional photonic crystal. The first report of a PCSEL was by M. 
Berggren et al., where an organic gain medium is deposited within a photonic 
crystal formed by fabricating a periodic array of holes in a SiO2 layer. The 
device was optically pumped with a nitrogen laser and lasing emission was 
observed at 830 nm. [60] The first report of an electrically pumped PCSEL was 
by M. Imada et al. in 1999 emitting at 1.28 µm. Two wafers were fused together, 
one with the active region and the second wafer with a triangular shaped 
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photonic crystal consisting of InP and air. [61] Five years later the first 
continuous wave PCSEL was reported by D. Ohnishi et al. in 2004, emitting at 
960 nm. Again, the fabrication required two wafers, with the active and photonic 
crystal regions fabricated on one wafer and the upper cladding layer on a second 
wafer. The photonic crystal was fabricated as a square lattice consisting of GaAs 
and air. [62] PCSELs have been reported to show single mode operation, the 
ability to scale output power with area, to produce coherent output and exhibit 
low divergence of the lasing light. [63]–[65] A PCSEL has been reported to 
exhibit single mode operation with powers up to one Watt from a single PCSEL 
by K. Hirose et al.. [66] Photonic crystal fabrication using wafer fusion has 
successfully shown the potential of the PCSEL design but the inclusion of voids 
within the structure can affect the manufacturability and reliability and result in 
current spreading and heating issues. [61]–[67] Removing the voids from the 
photonic crystal and fabricating an all-semiconductor photonic crystal should 
alleviate these issues. The first report of an all-semiconductor PCSEL was by 
D. Williams et al. in 2012, who demonstrated the successful fabrication of an 
InGaP/GaAs photonic crystal with single mode lasing at 960 nm. [68]–[70] 
With further development, continuous wave operation and coherence coupling 
have been reported. [71]–[74] Waveguide modelling of the optical mode has 
been applied to optimise the coupling to both the photonic crystal and the active 
region. [68], [75] Extension of lasing to longer wavelengths is desirable and 
may require the use of different active regions, for example QDs. 
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4.3 Device Fabrication 
In this section, the device fabrication process used to fabricate devices used in 
this thesis will be described. Figure 4.1 shows the two different types of 
photoresist, positive and negative, that can be used in device fabrication. 
Positive photoresist is shown at the top and negative photoresist is shown below. 
With positive photoresist, the exposed photoresist is removed by the developer. 
For negative photoresist, it is the unexposed photoresist that is removed by the 
developer.  
Figure 4.2 shows the two different types of etching, dry and wet, that are used 
in device fabrication. Dry etching yields an anisotropic etch, where vertical 
sidewalls can be achieved and is useful for achieving narrow ridge lasers. Wet 
etching yields, an anisotropic etch, for example producing an undercut of the 
device features; this can be an issue for narrow ridge laser devices. However, 
wet etching does have some advantages over dry etching, with wet etching being 
cost effective and faster. 
 
Figure 4.1: Schematic of the different photoresists available for semiconductor processing. 
 
Figure 4.2: Schematic of the different etching techniques available for semiconductor 
processing. 
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Figure 4.3: The multiple fabrication steps required to process semiconductor wafers into 
mesa diodes and Fabry-Perot laser devices. 
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Figure 4.3 shows the steps used to fabricate the devices studied in this thesis. 
Before depositing photoresist onto the sample, the sample is cleaned with a 3-
stage process using heated n-Butyl acetate, acetone and isopropyl alcohol. The 
use of these three different solvents ensures the removal of any organics present 
on the surface, leaving the surface in a suitable state for the subsequent steps. 
The sample is then blown dry using filtered dry nitrogen and checked to see if 
the surface is clean using an optical microscope. After the surface is confirmed 
to be clean, the sample is heated to 100°C on a hot plate before placing it on a 
photoresist spinner and spinning and blowing with filtered dry nitrogen, which 
removes any water still present, and removing any particulates that might be 
present on the surface. The first step is to define the top metallic contacts with 
the sample now ready for the deposition of the photoresist. To aid with the 
adhesion of the photoresist, hexamethyldisilazane (HMDS) is spun onto the 
sample at 4000 RPM for thirty seconds, followed by polymethylglutarimide 
(PMGI), which aids with the lift-off process, followed by a seven-minute hard 
bake at 180°C. Following this bake, the sample is returned to the spinner and 
SPR 350 photoresist is added, followed by a spin at 4000 RPM for thirty 
seconds, yielding a photoresist thickness of 1-2 µm. The sample is then soft 
baked for one-minute at 100°C. After the sample is coated with the photoresist, 
the edge bead is removed by overexposure of the edges whilst the rest of the 
sample is covered. The sample is placed in the developer where the exposed 
photoresist is removed. The edge bead is where the photoresist is thicker at the 
edges of the sample, if this edge bead is not removed the sample will have an 
uneven coating of photoresist possibly causing the sample to stick to the mask 
and/or increasing the distance between the mask and the sample. After the edge 
bead has been removed, the sample is ready for patterning using the mask 
aligner. A mask with the desired pattern is held in place by a vacuum and the 
sample is placed directly underneath. Using X, Y, Z positioning and rotation the 
mask pattern is aligned with the sample. After alignment, the sample is exposed 
for 12 seconds to ultra-violet (UV) light of wavelength of 300 nm and developed 
for one-minute using MF26A developer. The developed sample is checked 
under a microscope to ensure that all the exposed photoresist has been removed 
and that small features are not under or overexposed. If any problems are 
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identified then the sample can be cleaned and the process repeated. The next 
step is to deposit contacts on to the sample but this first requires the removal of 
the native oxides by immersion for 30 seconds in a 1:19 ammonia:deionised 
water solution. After the oxide removal, the sample is loaded into a bell jar 
evaporator to deposit the top contact layer. To measure the thickness of the 
deposited metals a quartz crystal monitor is used to determine the deposition 
rates and thicknesses. The top contact layer comprises 5 nm of gold, followed 
by 10 nm of zinc and finally a second 200 nm of gold. This combination 
produces an Ohmic contact for p-type GaAs. The deposited metals cover the 
entire sample but some areas have photoresist and others do not. The sample is 
placed in acetone to remove the photoresist, therefore removing the deposited 
metal on top of the photoresist, leaving behind the metal in direct contact with 
the semiconductor. Acetone removes the SPR 350 photoresist but not the PMGI, 
which is removed by dipping the sample for one-minute in 100°C EKC830 
resist stripper. After all of the photoresist and PMGI has been removed, only 
the metal contact pattern remains on the surface of the sample. 
The next step in the fabrication is to define and isolate the devices; this is 
achieved by etching away the semiconductor material between the devices. 
Before etching, the sample is again coated with photoresist using the same 
process as before, except that the PMGI is not needed. Determining the 
thickness of the photoresist is important to ensure the correct etch depth; this is 
achieved by using a Dektek surface profiler. The samples are wet etched with 
sulphuric acid, hydrogen peroxide and deionized water in a ratio of 1:8:80. All 
samples are etched completely through the active region. After achieving the 
required etch depth, the sample is cleaned using the 3-stage process. If a broad 
area laser is being fabricated the sample is thinned by mechanical thinning to 
reduce the thickness of the substrate to 150 µm; this aids the formation of high 
quality cleaved mirror facets and also thermal management of the devices as the 
thinner the substrate the easier it is to remove the heat produced. If a mesa diode 
is being fabricated, there is no need to thin the sample After the thinning 
process, the sample is carefully cleaned and the native oxide is removed prior 
to back contact deposition using a 1:19 solution of ammmonia:deionized water. 
The back contact layer comprises of 10 nm of indium-germanium and 200 nm 
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gold, this gives an Ohmic contact for n-type GaAs. The thickness of the 
deposited metals is again determined using a quartz crystal monitor. After the 
back contact is deposited, the samples are annealed at 360°C for thirty seconds 
to produce an Ohmic contact. Annealing causes intermixing at the metal-
semiconductor interface, reducing the height of the metal-semiconductor 
potential barrier. The samples are now ready to scribe to produce isolated 
devices. For the broad area lasers a number of different cavity length devices 
can be produced but for this thesis, only 8 mm and 4 mm devices were studied. 
The devices are mounted onto a gold-coated ceramic tile with indium epoxy and 
connected using gold wire and a ball wire bonder. Figure 4.4 shows a typical IV 
characteristic of a mounted device and the inset of figure 4.4 shows a mounted 
broad area laser on a ceramic tile. 
  
 
Figure 4.4: Typical IV measurement of a mounted device, the inset shows an image of a 
mounted broad area laser on a ceramic tile.  
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4.4 Electroluminescent Mesa Diodes 
To study further possible reasons for the difficulties experienced in attaining a 
room temperature laser and further the work presented in section 3.5, where the 
use of strain balancing is discussed, mesa devices fabricated from the 50 nm 
spacer layer sample without strain balancing (sample A) was measured. Table 
4.1 summarises the devices studied in chapter 3. 
Low excitation current 0.1 mA (0.08 A cm-2) EL spectra obtained from sample 
A are shown in figure 4.5 for a range of temperatures. At these low currents, 
and particularly at low temperatures, all the QDs will be randomly populated by 
carriers rather than preferentially occupying the large QDs with deeper 
confining potentials. The low current ensures that the average dot carrier 
occupancy is <<1. The spectra reveal that the QDs have a bimodal size 
 
Figure 4.5: Temperature dependence of the EL spectra of sample A using low excitation 
current. Inset: integrated intensity ratio of the two emission peaks. 
Sample Separation Strain-balancing 
A 50 nm No 
 A' 50 nm Yes 
B 30 nm No 
 B' 30 nm Yes 
C 20 nm No 
 C' 20 nm Yes 
Table 4.1: Summary of the strain balancing and reference test devices. 
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distribution. [76], [77] At low temperature (77 K), the emission exhibits two 
distinct peaks at 1.04 and 1.15 µm reflecting the presence of two subsets of 
slightly different sized QDs. The long wavelength emitting, larger quantum dots 
are those required for lasing at 1.3 µm but these appear to have a significantly 
lower density than the smaller, shorter wavelength emitting QDs. Taking the 
relative integrated intensities, the shorter wavelength QDs have 9.5 times the 
intensity of the long wavelength QDs, this factor should give an approximate 
value for their relative densities. As the temperature is raised, the relative 
intensity associated with the short wavelength peak is reduced with the longer 
wavelength peak becoming dominant above 140 K. [78], [79] The inset to figure 
4.5 shows the ratio between the short wavelength QDs and the long wavelength 
QDs over the measured temperature range. Although at high temperatures 
carriers will transfer preferentially into the long wavelength emitting QDs, these 
results indicate that the latter subset represent only a relatively small fraction of 
the total QD density and hence that the available gain close to 1.3 µm will be 
limited. The bimodal distribution of QDs may occur due to the preferential 
nucleation on the upper side of step edges as Zhou et al. have observed and 
Liang et al. have modelled [80], [81]. A similar effect is found in samples A’, 
 
Figure 4.6: Arrhenius plot of the emission from a mesa device fabricated from sample A 
Ea = 290 meV 
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B, B’, C and C’ where two peaks are observed at low temperature, with the 
high-energy peak reducing in intensity with increasing temperature. The natural 
log of the integrated emission is plotted against the inverse of the temperature 
in figure 4.6. The thermal activation energy can be calculated from this graph 
by fitting the high temperature data to equation 4.1  
ln 𝐼𝐼(𝑇𝑇) = ln(𝐼𝐼0) + ∆𝐸𝐸𝑎𝑎𝑘𝑘𝑏𝑏𝑇𝑇  𝑒𝑒𝑒𝑒𝑒𝑒 (4.1) 
where ln I (T) is the natural log of the intensity, I(0) is the maximum intensity, 
ΔEa is the activation energy, kb is the Boltzmann’s constant and T is the 
temperature in Kelvin. Using this equation the activation energy is determined 
to be 230 meV (±15 meV). This error arises from the fitting procedure but as 
only a few data points are available, additional data from higher temperatures 
may give a slightly different value. Taking the average wavelength of the QD 
emission to be 1100 nm, corresponding to an energy of 1.13 eV, the addition of 
230 meV gives a total energy of 1.36 eV. This is less than the bandgap of GaAs 
at low temperature and so most likely represents a state associated with the 
wetting layer and/or InGaAs quantum well. 
 
Figure 4.7: Low temperature normalised EL as a function of wavelength for different InAs 
coverages to give a reduction in QD bimodality. 
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To achieve room temperature ground state lasing close to 1.3 µm the bimodality 
of the QDs needs to be reduced This can be achieved by depositing additional 
InAs to help ripen the QDs. Low temperature and low current EL spectra of 
samples grown with different amounts of deposited InAs are shown in figure 
4.7. Increasing the amount of InAs from 2 to 2.6 MLs results in a significant 
reduction of the bimodality, with the emission now dominated by the longer 
wavelength emitting subset of larger QDs. Table 4.2 summarises the reduction 
in the low temperature percentage emission from the short wavelength QDs 
from 79% to 32% whilst the long wavelength QDs, which are dominant above 
140 K, shows an increase from 21% to 68% of the integrated emission intensity.  
However, this reduction is achieved with a commensurate reduction in overall 
optical efficiency, probably due to the formation of dislocations due to the large 
amount of deposited strained material. Compared to the 2 ML sample the 
integrated EL is reduced by 13 and 91% for the 2.2 and 2.4 ML samples 
respectively. However, increasing the amount of InAs to 2.2 ML significantly 
improves the bimodality, with only a slight fall in EL intensity. Further devices 
improvement will require a detailed optimisation of the long wavelength 
emission, balancing a reduction in the bimodality with the decreasing overall 
optical efficiency. With additional optimisation of the growth parameters, it 
should be possible to achieve sufficient gain from the long wavelength emitting 
QDs to give room temperature ground state lasing at 1.3 µm.  
  
Sample Short wavelength 
QDs (%) 
Long wavelength 
QDs (%) 
Relative 
Integrated 
PL (%) 
2.0 ML 79 21 100 
2.2 ML 39 61 87 
2.4 ML 37 63 9 
2.6 ML 32 68 7 
 
Table 4.2: Summary of low temperature EL emission of the percentage of short 
wavelength dots, long wavelength dots and the relative integrated intensity compared to 
the 2.0 ML sample. 
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4.5 Broad Area Fabry-Perot Lasers 
This section of the thesis will discuss the principles behind Fabry-Perot lasers, 
the experimental set-up used to test the fabricated QD lasers and present results 
obtained from these lasers. A Fabry-Perot laser is based on a cavity with two 
planar and parallel mirrors (figure 4.8) Light reflects between the two mirrors 
(reflectivities R1 and R2) whilst traveling in a gain medium (gain per until length 
gm). For lasing to occur a population inversion is required, with a large density 
of electrons in the conduction band and holes in the valence band. A population 
inversion can be produced by electrically injecting carriers using a forward 
biased p-n junction. As the current is increased, the amplification also increases 
and lasing occurs when the gain equals the total cavity losses. At and beyond 
the threshold for lasing the dominant carrier-photon process is stimulated 
emission. There are a number of different geometries for Fabry-Perot 
semiconductor lasers; this work uses the ridge geometry. This structure is very 
useful for developing new laser active region material, due to the ease and speed 
of fabrication, as discussed in section 4.3. An additional advantage of ridge 
lasers is the reduction in current spreading, in comparison to stripe lasers, as 
etching isolates the device, forcing all the injected current to pass through the 
active region. This makes calculation of the threshold current density (Jth) 
easier. In studying lasers, it is often helpful to measure devices with different 
cavity lengths. This can allow a determination of the optical losses within the 
cavity and the use of long cavity lengths may be needed if the maximum gain 
of the active material is low.  Whilst the photons are confined along the cavity 
by the end mirrors and transverse to the cavity by the etched surfaces of the 
ridge, confinement along the growth direction is also required. In the current 
devices, the photons are confined in the active region using a simple planar 
 
Figure 4.8: Schematic of a Fabry-Perot cavity. 
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waveguide structure consisting of 1.5 µm Al0.42Ga0.58As cladding layer placed 
both above and below the active region. The mode produced by this waveguide 
is designed to overlap as strongly as possible with the gain region of the device, 
in the present case the QD layers.  
Broad area ridge lasers were fabricated from all five samples, as summarised in 
table 4.1. Sample A was fabricated into a 8 mm x 50 µm ridge, sample A’ was 
fabricated into a 4 mm x 50 µm ridge, sample B was fabricated into 8 mm x 100 
µm and 4 mm x 80 µm ridges, sample B’ was fabricated into 8 mm x 80 µm 
and 4 mm x 50 µm ridges. Due to surface roughness caused by defects and 
dislocations, as discussed in chapter 2, not all of the fabricated devices worked, 
which has led to the use of two different cavity lengths and three different cavity 
ridge widths. Devices were tested in an optical cryostat over a range of 
temperatures, using a pulsed current source with a pulse width of 10 µs and a 
duty cycle of 1% to reduce heating effects. Figure 4.9 shows typical LvsJ 
characteristics measured at 130 K for the 8 mm cavity length devices. Threshold 
current densities of 50, 125 and 100 A cm-2 are obtained for samples A, B and 
B’ respectively. The lowest Jth value is obtained for sample A. Reducing the 
QD layer separation to 30 nm (B and B’) increases Jth but this increase is less 
for the sample with the GaAs0.8P0.2 strain balancing layer  
 
Figure 4.9: Light power output as a function of current density for 8 mm cavity length 
devices of samples A, B and B’ at 130 K. 
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Figure 4.10: Above and below threshold emission spectra at 130 K for the 8 mm cavity 
length devices of samples A, B and B’. 
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(sample B’) suggesting that its incorporation is beneficial for the device 
performance and is certainly not detrimental. Figure 4.10 (a), (b) & (c) show 
emission spectra, recorded below and above threshold at 130 K, for all three 8 
mm cavity length devices. All spectra show lasing on the high-energy shoulder 
of the below threshold emission, indicating that lasing is via an excited state and 
that there is hence insufficient ground state gain. Comparison to the low current 
EL spectra of the mesa devices, presented above, indicates that lasing is 
occurring above the ground state emission of the subset of smaller dots. It is 
possible that lasing is occurring where different excited states of the two subsets 
of QDs overlap. Multiple lasing modes are observed due to the non-selective 
nature of the broad area laser. Figure 4.11 shows typical LvsJ characteristics 
measured at 200 K for the 4 mm cavity length devices. Values of 210 and 290 
A cm-2 are obtained for samples A’ and B’ respectively. However, this is high 
when compared to the state-of-the-art for QDs grown by MOVPE of 108 A cm-
2. [39] Reducing the QD layer separation to 30 nm (sample B’) increases Jth but 
the device continues to operate at this higher temperature, unlike sample B, 
which has a highest operating temperature of 190K, where the threshold current 
density is 260 A cm-2 (inset of figure 4.12 (c)). 
 
Figure 4.11: Light power output as a function of current density for 4 mm cavity length 
devices,  samples A’ and B’ at 200 K. 
Chapter 4: Optoelectronic Device Fabrication, Measurement and Modelling 
 
153 
 
  
 
Figure 4.12: Above and below threshold emission spectra at 200 K for 4 mm cavity length 
devices, samples (a) A’ and (b) B’. (c) Above and below threshold emission spectra at 
190 K for a 4 mm cavity length for sample B with (inset) light power as a function of 
current for 4 mm cavity length devices of sample B at 190 K. 
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This suggests that the GaAs0.8P0.2 layer is beneficial for a QD layer spacing of 
30 nm but that further work is needed to achieve the device quality obtained for 
50 nm spacing. Emission spectra recorded below and above threshold at 200 K 
for samples A’ and B’ and 190 K for sample B are shown in Figure 4.12 (a), (b) 
& (c) respectively. Again all spectra show lasing on the high-energy shoulder 
of the below threshold emission, consistent with lasing via an excited QD state. 
Figure 4.13 shows the temperature variation of Jth for all the devices studied. 
All 8 mm cavity length samples exhibit a minimum Jth around 125 K due to 
inter-QD carrier transfer as the temperature increases, as discussed in section 
4.2. For the 8 mm cavity length samples the highest temperatures that lasing is 
achieved is 220 K for sample A and 200 K for samples B and B’; limited by the 
maximum output of the current source. Over the studied temperature range; Jth 
is always lower for sample B’ than for sample B, providing further confirmation 
that the addition of the strain compensating GaAs0.8P0.2 layer is beneficial for 
device performance as the QD layer separation is reduced below 50 nm. [82] 
To achieve higher current densities from the same current source the cavity 
length of the laser has to be reduced. For the 4 mm cavity length samples the 
highest temperatures that lasing is achieved is 240 K for sample A’, 200 K for 
 
Figure 4.13: Threshold current density as a function of temperature for samples A, A’, B 
and B’ for 8 mm and 4 mm cavity length devices. 
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sample B and 220 K for sample B’. Again, the incorporation of the strain 
compensating GaAs0.8P0.2 layer is seen to improve the performance of the 30 
nm QD spacer layer device. Adding high reflectivity coatings to the laser facets 
will reduce Jth and could allow room temperature operation of the present 
devices. Sample C’ (20 nm QD layer separation with a strain compensating 
GaAs0.8P0.2 layer) was also fabricated into laser devices.  However, it was not 
possible to achieve lasing at any temperature and for any of the cavity lengths 
(4 and 8 mm) studied. 
  
 
Figure 4.14: Light power as a function of current for 4 mm cavity length devices at room 
temperature. 
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4.6 Further Quantum Dot Laser Development 
Based on the growth developments described so far, further modifications to the 
growth were attempted, where the V/III ratio was reduced from 208 to 5. 
Lowering the V/III ratio will reduce the defect density, reducing the number of 
non-radiative recombination centres. However, reducing the V/III ratio too far 
will result in a low QD density, allowing larger QDs to form due to the increase 
in migration length of the indium. [10], [21], [83], [84] The reactor pressure was 
reduced from 100 to 50 Torr, lowering the reactor pressure has been linked to 
uniformity improvement, reducing circulating currents and reducing parasitic 
reactions. [85] The growth of these new structures was performed by Mr Brett 
Harrison. All previous growth parameter are the same as previously discussed, 
where the InAs coverage is 2 ML and the growth rate is 0.18 ML/s. Using these 
modified growth parameters, two new structures were grown in an attempt to 
obtain a room temperature laser: a five QD layer and three QD layer device with 
a 50 nm GaAs spacing layer. The photons are confined in the active region using 
a simple planar waveguide structure consisting of 1.5 µm Al0.42Ga0.58As 
cladding layer placed both above and below the active region as used in previous 
structures discussed above. However, no strain balancing with GaAs0.8P0.2 was 
attempted. Broad area lasers were fabricated with 4 mm x 50 µm ridges. Figure 
4.14 shows typical LvsJ characteristics measured at room temperature (300 K) 
for the three and five QD layer devices. Jth values of 378 and 281 A cm-2 are 
obtained for the three QD layer and five QD layer devices respectively. The 
lowest Jth value is obtained for the five QD layer device. Emission spectra 
recorded below and above threshold at room temperature are shown in Figure 
4.15 (a) and (b). All spectra show lasing on the high-energy shoulder of the 
below threshold emission, indicating that lasing is via an excited state and that 
there is insufficient ground state gain. Multiple lasing modes are observed 
between 1110 to 1136 nm for the five QD layer device and 1082 to 1094 nm for 
the three QD layer device, due to the non-selective nature of the broad area laser. 
Successful room temperature lasing has been achieved but more development 
is needed to obtain ground state room temperature lasing, for example 
increasing the number of QDs with a ground state that emits at 1.3 µm at room 
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temperature. However, as a room temperature laser has been achieved the next 
step would be to add the GaAs0.8P0.2 strain-balancing layer and to reduce the 
QD layer separation.  
It is useful at this point to compare the threshold current density, lasing 
wavelength and operating temperature obtained for the samples discussed above 
with MOVPE grown InAs/GaAs QD lasers reported in the literature. The lowest 
reported threshold current density is 108 A/cm2 for a ground state laser emitting 
at 1180 nm for a device contained three QD layers with an InGaAs strain-
reducing layer; the laser continued operating up to 80°C. [46] However, higher 
current densities are more typical for MOVPE grown QD lasers operating at 
longer wavelengths. For a lasing wavelength of 1240 nm, the reported threshold 
 
Figure 4.15: Above and below threshold emission spectra at room temperature for 4 mm 
cavity length devices. 
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current density is increased to 200 A cm-2 at room temperature; this device also 
contains a strain-reducing layer. [42] Increasing the wavelength even further 
(1302 nm), the threshold current density was reported to be 333 A cm-2. 
However, this was reduced with the introduction of an antimony surfactant to 
111 A cm-2 and a slight increase in wavelength to 1308 nm, both samples again 
contained a strain-reducing layer. [44] 
The highest operating temperature for the QD laser devices reported in this 
thesis is room temperature (300 K), with a threshold current density of 281 A 
cm-2 and emission at 1100 nm for five QD layers without strain reducing layers. 
The highest operating temperature for a device with a strain-balancing layer was 
240 K, with a threshold current density of 420 A cm-2 and emission at 1068 nm. 
The lowest threshold current density achieved was 50 A cm-2 at 130 K for a 
lasing wavelength of 1050 nm (sample A). None of the devices fabricated and 
studied in this thesis contained an InGaAs strain reducing layer or QW, which 
should give a significant red shift of the lasing wavelength. In addition, studies 
of MBE grown QDs have shown that growing InAs QDs on InGaAs can 
increase their density; applied to the present devices this could allow ground 
state lasing which would also red shift the emission. Hence, further studies 
should investigate the addition of an InGaAs layer to red shift the lasing close 
to 1300 nm. However, this would increase the amount of compressively strained 
material, requiring a greater degree of strain balancing by the GaAs0.8P0.2 layer.  
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4.7 Photonic crystal laser modelling 
The laser devices discussed so far are all standard edge emitting Fabry-Perot 
structures, which are quick and simple devices used for initial investigation of 
the material quality. For a Fabry-Perot laser the light propagates in the plane of 
the epitaxial layers and is reflected by parallel-cleaved facets. Photon 
confinement along the growth axis is achieved using the refractive index 
contrast provided by the epitaxial layers. Such structures are relatively easy to 
grow and fabricate but have a number of drawbacks. These include: relatively 
high and asymmetrical beam divergence, inplane emission, making the 
fabrication of two dimensional arrays difficult, and multi wavelength mode 
lasing. In addition, the facet reflectivity is fixed unless post growth coatings are 
applied. Therefore, it is useful to investigate different, novel designs to improve 
the QD laser structures. 
This section discusses the modelling and background to photonic crystal surface 
emitting laser (PCSEL), a relatively new type of semiconductor laser. Such 
lasers offer the possibility of vertical emission, very low beam divergences, as 
low as 1 degree, beam steering, high power single mode operation and 
wavelength selectivity. A PCSEL uses a photonic structure, which consists of a 
periodic variation of the refractive index, to control the photonic properties. 
Such structures are one of a class of relatively new devices where both the 
properties of electrons and holes and photons are controlled, offering the 
possibility of improved or new and novel devices. The following provides a 
 
Figure 4.16: Schematic of a one, two and three-dimensional photonic crystal. 
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brief introduction to photonic crystals before the properties, fabrication and 
study of PCSELs are discussed in more detail. 
The properties of charge carriers in a solid are modified by the periodic nature 
of the crystal structure. Probably the most obvious and important consequence 
of this modification is the presence of band gaps in a semiconductor, within 
which electron energies are forbidden. The analogous structure for photons is a 
periodic variation of the refractive index, which can be achieved by using two 
different semiconductors or a semiconductor and air. It is possible, in principle, 
to construct 1D, 2D or 3D photonic crystals (see Fig 4.16) although a true 3D 
crystal for visible or near-IR light is still challenging.  
The simplest photonic crystal is a 1D Bragg stack, which consists of an 
alternating sequence of two planar semiconductor layers. Such structures can be 
readily grown by standard epitaxial techniques. Figure 4.17 shows a typical 1 D 
Bragg structure. [86] Each layer has a thickness equal to one quarter of the 
wavelength within the semiconductor. Hence each successive ray travels an 
additional distance of λ/2 which, when added to the π phase shift at alternate 
interfaces, gives a 2π total phase shift between successive reflected rays. 
Although the reflectivity at each interface is small, due to the relatively small 
refractive index difference between the two semiconductors, all the reflected 
rays combine constructively and for a large number of pairs of layers very high 
reflectivities are achieved. This high reflectivity occurs only across a narrow 
 
Figure 4.17: Schematic of a 1 D Bragg stack with alternating high and low refractive 
indexes, showing the incident wave with small-reflected waves at each index change. [86] 
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range of wavelengths but can be considered to be analogous to the band gap in 
a semiconductor, giving a small range of wavelengths where photon 
propagation is not possible. Two Bragg stacks are often used to form an optical 
cavity where they are separated by a distance equal to an integer number of half 
wavelengths (this is equivalent to a single Bragg stack with an added defect). 
Photons matching the cavity mode are strongly confined within the cavity and 
very high Q-factors are possible. Related to this 1D cavity is the vertical cavity 
surface emitting laser (VCSEL) where an emitting medium, typically quantum 
wells, is placed within the cavity close to an anti-node. Photons are emitted into 
a very low loss cavity although one of the Bragg mirrors must have a slightly 
lower reflectivity to allow laser light to escape. 
A Bragg stack only produces a band gap for photons propagating along the 
growth direction. Further photonic control is achieved using a 2D photonic 
crystal. Here an epitaxial semiconductor layer is patterned, typically using e-
beam lithography, and then etched to form a periodic array or air holes. The 
refractive index contrast between air and the semiconductor (in some structures 
the holes are subsequently filled with a different material or semiconductor) 
produces the photonic crystal. With careful design of the hole size and pattern 
it is possible to achieve a photonic bandgap for any inplane propagation 
direction. A 2D cavity can be formed by removing one or more of the holes, 
effectively surrounding an unpatterned region with high reflectivity mirrors in 
all directions – see figure 4.18. Such cavities have a number of applications. 
 
Figure 4.18: SEM image of a periodic photonic crystal with a cavity to localise the electric 
field. Image curtesy of Dr. B. Royall University of Sheffield Department of Physics and 
Astronomy. 
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These include enhancing the spontaneous emission rate of an emitter (e.g. a QD) 
placed in the cavity by modifying the density of states into which photons are 
emitted, known as the Purcell effect. 
In addition, removal of a line of holes can produce a waveguide along which 
photons can propagate. Figure 4.19 shows a proposed structure to study the 
interference of single photons emitted from two QDs. 
The QDs are placed within cavities formed in the photon crystal so that the 
emitted photons are ‘captured’ and directed along the photonic crystal 
waveguides into a 50:50 directional coupler. 
A band gap for photons propagating in any direction requires a true 3D structure 
but such structures are very challenging to fabricate for visible or near-IR 
photons due to the small feature size required. As a result, hybrid 2D-3D 
structures are used where there is no periodicity along the third direction but a 
waveguide is formed either by placing the semiconductor between layers of a 
 
Figure 4.19: Schematic of two single photon source using a photonic crystal to couple 
photons into the waveguide to study photon interaction. Image curtesy of Prof. M. Fox, 
University of Sheffield, Department of Physics and Astronomy. 
 
Figure 4.20:  SEM image of a suspended photonic crystal with a waveguide. Image curtesy 
of Dr. B. Royall, University of Sheffield, Department of Physics and Astronomy. 
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second semiconductor with a lower refractive index or by removing the 
semiconductor above and below the photonic crystal to give an air-
semiconductor-air membrane. The waveguide restricts most photons to 
propagate in the plane of the semiconductor where the 2D photonic crystal is 
able to generate a band gap (high reflectivity) for any propagation direction. – 
See figure 4.20. 
 Photonic crystals have obvious applications in semiconductor lasers, for 
example allowing significantly greater control of the mirror geometries and 
reflectivities than is possible via cleaved facets. The example of 1D Bragg 
stacks in a VCSEL has already been discussed. Figure 4.21 shows predicted 
properties of three very different laser designs: a VCSEL, utilising two 1D 
Bragg stacks, a traditional Fabry-Perot edge emitting laser utilising cleaved 
 
Figure 4.21: Schematic showing the maximum potential power, single/multi-mode 
operation, the beam divergence and type of polarisation that can be obtained. Image 
curtesy of Dr. D. Williams, University of Sheffield Department of Electronic and 
Electrical Engineering. 
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facets and a PCSEL which uses a 2D photonic crystal. Potential advantages of 
the latter design include area-power scaling, single mode lasing, very low beam 
divergence and controllable polarisation. [59], [87]–[89]  
In a PCSEL a 2D photonic crystal creates a photonic band gap for all inplane 
propagation directions. One of the challenges with these devices is to ensure 
laser light can be sufficiently coupled vertically out of the structure. This occurs 
via diffraction but careful control of the lasing mode is required. For example, 
of the four inplane modes at the Γ-point of the photonic crystal,  the two that 
give an electric field symmetrical about the holes couple strongly to modes 
external to the cavity but this high loss results in very high threshold current 
densities and in practice these modes never lase. The other two modes, which 
have an electric field anti-symmetrical about the holes, couple much more 
weakly, this results in useable threshold current densities but careful design of 
the lattice is required to ensure sufficient coupling occurs. The following studies 
use a square lattice, which has been previously determined as the optimum for 
high power lasers. This lattice is defined in figure 4.22. 
The unit cell of this crystal is shown in the inset where the “atom” shape is 
defined, for this thesis only circular holes are considered. The fill factor is the 
ratio of the amount of each material and is defined by equation 4.2  
 
Figure 4.22: Schematic of a two-dimensional square lattice photonic crystal.  
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𝑓𝑓𝑓𝑓 =  𝜋𝜋 �𝑑𝑑2�2 𝑎𝑎2�  𝑒𝑒𝑒𝑒𝑒𝑒 (4.2) 
where d is the diameter of the holes and a is the lattice spacing. For all of the 
photonic crystals modelling in this thesis a 50% fill factor is used. The vertical 
thickness of the photonic crystal for optimal Bragg scattering to give out of 
plane light emission can be calculated using equation 4.3 
𝑇𝑇 = (2𝑚𝑚 − 1)𝜆𝜆02𝑒𝑒  𝑒𝑒𝑒𝑒𝑒𝑒 (4.3) 
where λ0 is the wavelength of the light in a vacuum, n is the refractive index and 
m is a positive integer. In the following, the design of the photonic crystal is 
taken from previous work and no further optimisation is performed. 
To avoid degrading the active material in a PCSEL this material, QDs in this 
work, is physically separated from the photonic crystal. Gain is provided to the 
band-edge modes of the photonic crystal via evanescent wave coupling. Two 
methods can be used to fabricate PCSEL devices, the first method, wafer fusion, 
is shown in figure 4.23. Wafer fusion is the fusion of two separate wafers to 
form one wafer. For PCSEL devices, the first wafer consists of the bottom 
cladding, the active region and the photonic crystal layer, although the latter 
layer can be on the second wafer. The photonic crystal layer initially consists of 
a single semiconductor of thickness given by equation 4.3, into which the 
photonic crystal is subsequently fabricated. The second wafer consists of the 
 
Figure 4.23: Schematic of the wafer fusion process. Image curtesy of Dr. D. Williams, 
University of Sheffield, Department of Electronic and Electrical Engineering. 
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top cladding layer and the photonic crystal region if it is not on the first wafer. 
The two wafers are fused together in an inert atmosphere following the 
fabrication of the photonic crystal, with this method only void PCSELs can be 
fabricated. An issue with wafer fusion is their manufacturability and reliability. 
In addition, with the inclusion of voids there is a non-uniform carrier 
distribution in the active region, shown in figure 4.24, and spatial variation in 
the heat extraction. To avoid these issues, an all-semiconductor PCSEL 
structure was developed at the University of Sheffield based on epitaxial 
regrowth. [69] In this technique, the wafer is returned to a growth reactor 
following the fabrication of the photonic crystal, to grow the remaining layers. 
This allows the voids created by the photonic crystal to be infilled and avoids 
the difficult wafer-bonding step. In addition, different epitaxial techniques can 
 
Figure 4.24: Schematic of the issues associated with void photonic crystals. Image curtesy 
of Dr. R. Taylor, University of Sheffield, Department of Electronic and Electrical 
Engineering. 
 
 
Figure 4.25: Schematic of the all-semiconductor photonic crystal and a TEM image of the 
fabricated PCSEL. Image curtesy of Prof. R. Hogg, University of Sheffield, Department 
of Electronic and Electrical Engineering. 
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be used for the two growth steps. In the first growth step the bottom cladding, 
active region and photonic crystal layer are deposited. The wafer is then 
removed from the growth reactor and the photonic crystal patterned and 
fabricated. Finally the wafer is loaded back into a growth reactor, the photonic 
crystal region is infilled with a secondary material (InGaP in the current 
structures), and the top cladding layer is grown. Figure 4.25 (a) shows the more 
uniform carrier distribution expected in the active region as the InGaP-infilled 
photonic crystal should allow current to flow unhindered. Figure 4.25 (b) shows 
a transmission electron microscope (TEM) image of an all-semiconductor 
photonic crystal with the successful infilling of the GaAs during the overgrowth. 
When infilling the holes in the photonic crystal it is important to use a 
semiconductor having a sufficiently large refractive index contrast to the host 
material.  [69] 
An important parameter in the design of a PCSEL is the overlap of the vertical 
cavity mode with the photonic crystal. This can be obtained from modelling of 
the structure, achieved using the software package FimmWave supplied by 
Photon Design. For this thesis, only the fundamental mode with transverse 
electric (TE) polarisation is modelled. The software uses an effective index 
mode approach, which uses the eigenmode expansion (EME) method to 
rigorously solve Maxwell’s equations to find the form of the optical mode.  
Previous work at Sheffield has focussed on the development of 980 nm emitting 
PCSELs using QWs as the active region and comparing the results for infilled 
crystals to those of other research groups who have fabricated 980 nm QW 
PCSELS with void photonic crystals. Williams et al. were able to develop an 
all semiconductor PCSEL emitting at 980 nm. [90] Using an all semiconductor 
PCSEL can increase the mode overlap with the photonic crystal, improving the 
coupling coefficient and achieving greater feedback. Figure 4.26 (a) shows the 
mode profile and refractive index variation for a semiconductor/void photonic 
crystal; with an active region containing three 8 nm In0.17Ga0.83As QWs with a 
20 nm GaAs spacing layer, emitting at 980 nm. This gives a relatively small 
mode overlap with the photonic crystal of only 5%. Comparing to figure 4.26 
(b) an all semiconductor photonic crystal has a mode overlap of 24%. This 
increase in overlap is due to the reduced refractive index contrast in the in-filled  
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Figure 4.26: Optical mode plots of the void/semiconductor, all semiconductor and edge-
emitting laser. 
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photonic crystal, which gives a higher average refractive index and hence a 
reduced difference between the active region and the photonic crystal, allowing 
the mode to penetrate more into the crystal. The threshold gain is calculated 
using the experimentally extracted material gain of the QWs. To extract the 
material gain, the photonic crystal region is replaced by 150 nm of In0.48Ga0.52P 
and fabricated into broad area lasers with varying lengths. The mode plot of the 
edge-emitting laser is shown in figure 4.26 (c), where the mode overlap with 
the QWs is 13%. The material gain and threshold current densities of multiple 
edge-emitting lasers are plotted in in figure 4.27 for different cavity lengths. To 
extract the required material gain, previous PCSELs with the same active region 
were tested. The Threshold current density from this device can be used to 
extract the required gain by extrapolating the gain versus threshold current 
density plot. The threshold current density of the previous PCSEL is used to 
extract the material gain of the PCSEL. The threshold current density for the 
PCSEL is 650 A cm-2 and therefore, the material gain needed for the devices to 
work is 25 cm-1. This value can be used to calculate the threshold gain (gth) 
required by the QD-PCSELs to lase by using equation 4.4 
𝑔𝑔𝑡𝑡ℎ =  𝑔𝑔𝑜𝑜𝑜𝑜𝑜𝑜𝛤𝛤𝑄𝑄𝑄𝑄𝛤𝛤𝑃𝑃𝑃𝑃  𝑒𝑒𝑒𝑒𝑒𝑒 (4.4) 
 
Figure 4.27: Threshold current density plot for multiple cavity lengths of the QW edge-
emitting laser. 
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where gold is the threshold gain for the QW PCSELs devices, ΓQW is the mode 
overlap with the photonic crystal for the original structure and ΓPC is the mode 
overlap with the photonic crystal for the new structure.  
To calculate the net modal gain for the QD PCSELs the material gain of the QD 
devices needs to be calculated. Figure 4.28 shows gain measurements for the 
QD material taken at multiple current densities by Dr Negin Peyvast. The 
material gain is measured to be 40 cm-1 at the target wavelength of 1300 nm. 
The calculated mode profile for an edge-emitting QD laser is shown in figure 
4.29, where the mode overlap with the QD layers is calculated to be 11%. Using 
this value the net modal gain of the QD PCSEL can be calculated using equation 
4.5 
𝑔𝑔𝑛𝑛𝑛𝑛𝑡𝑡 = 𝐺𝐺𝑄𝑄𝑄𝑄𝛤𝛤𝑄𝑄𝑄𝑄𝛤𝛤𝑎𝑎𝑎𝑎𝑡𝑡𝑎𝑎𝑎𝑎𝑛𝑛 − 𝛼𝛼𝑎𝑎 𝑒𝑒𝑒𝑒𝑒𝑒 (4.5) 
 where GQD is the material gain of the QDs, ΓQD is the mode overlap of the QDs 
in the PCSEL structure, and Γactive is the mode overlap of the QDs in the laser 
structure shown in figure 4.29.  
 
Figure 4.28: Gain plot for the QDs from QD laser Inc. for the development of the QD-
PCSEL measured by Dr Negin Peyvast. Image curtesy of Dr. N. Peyvast, University of 
Sheffield Department of Electronic and Electrical Engineering. 
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FimmWave modelling is used to determine the mode overlap with both the 
photonic crystal and QD layers, which are then used to calculate the threshold 
gain and net modal gain. Obtaining a large mode overlap with the photonic 
crystal region will increase the optical feedback. However, this will affect the 
material gain produced by the active region due to the reduced mode overlap. 
Therefore, a trade-off is required, which will be determined for the different 
material systems. Three material systems have been modelled, void/GaAs (used 
in wafer fusion), InGaP/GaAs (used in previous all-semiconductor PCSELs) 
and a new material system AlAs/GaAs. Initially, the modelling focused on using 
a GaAs layer, called the ballast layer, above the photonic crystal layer, which 
will attract the optical mode, increasing the overlap with both the active and 
photonic crystal regions. All the structures use Al0.42Ga0.58As cladding layers. 
The photonic crystal region is determined to be 388 nm thick from equation 4.3. 
Figure 4.30 shows how the net modal gain and threshold gain are affected by an 
increase in the thickness of the GaAs layer above the void/GaAs photonic 
crystal. The optical mode is forced away from photonic crystal and active 
region, due to the large change in refractive index between the voids and GaAs. 
With the optical mode further away from the active region, the modal gain  
 
Figure 4.29: Optical mode plot of the QD edge-emitting laser. 
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Figure 4.30: Net modal gain and required threshold gain plot for increasing the GaAs ballast 
layer thicknesses above the photonic crystal for the void/GaAs photonic crystal 
 
Figure 4.31: Two optical mode profiles plotted, the dotted black line is for a 350 nm thick 
GaAs ballast layer and the dotted white line is for the zero ballast, for the void/GaAs photonic 
crystal. The refractive index is plotted in solid black for the 350 nm thick GaAs ballast layer. 
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produced is lower. The mode profile and refractive index plot are shown in 
figure 4.31 for a ballast layer thickness of 350 nm and also for no ballast layer. 
The maximum of the optical mode for the 350 nm ballast layer is found to occur 
below the active region in the bottom cladding layer, having a small overlap 
with the photonic crystal of 1.5% and an active region overlap of 11.4%. 
Similarly, the maximum of the optical mode profile for the zero thickness ballast 
layer is also below the active region but a slightly smaller overlap of 1.2% is 
observed with the photonic crystal and 11.3% with the active region. The net 
modal gain drops to zero when the ballast layer thickness is increased above 
550 nm, which is due to the optical mode shifting from being confined below 
the photonic crystal region to being confined in the ballast region. The optimum 
GaAs ballast layer thickness is calculated to be the largest difference between 
the required gain and the net modal gain. For the void/GaAs photonic crystal 
structure, the optimum is 350 nm of GaAs. Although this produces a mode 
overlap with the active region of 11%, the overlap with the photonic crystal is 
only 1.5%. As a result of this low confinement with the photonic crystal, the net 
modal gain never achieves the minimum threshold value.  
 
Figure 4.33: Two optical mode profiles plotted, the dotted black line is for a 200 nm thick 
GaAs ballast layer and the dotted white line is for the zero ballast, for the InGaP/GaAs 
photonic crystal. The refractive index is plotted in solid black for the 200 nm thick GaAs 
ballast layer. 
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Figure 4.32 shows how the net modal gain and threshold gain is affected by the 
thickness of the GaAs layer placed above the InGaP/GaAs photonic crystal 
structure. Similar to the void/GaAs photonic crystal the optical mode is forced 
away from photonic crystal and the active region, but in the present structure 
the refractive index change between the InGaP and GaAs is much smaller than 
the void/GaAs case, leading to a higher average refractive index and a larger 
overlap with the optical mode. The mode profile and refractive index plot are 
shown in figure 4.33 for a ballast layer thickness of 200 nm and also for no 
ballast layer.  The maximum of the optical mode for the 200 nm ballast layer is 
found to occur below the active region in the bottom cladding layer, having an 
overlap with the photonic crystal of 21.6% and an active region overlap of 9.1%. 
Similarly, the maximum of the optical mode profile for the zero thickness ballast 
layer is also below the active region but a smaller overlap of 18% is observed 
with the photonic crystal and a slightly larger overlap of 10.3% with the active 
region. Due to the reduced refractive index contrast, the mode overlap with the 
active region is only 8% but this reduction in overlap with the active region is 
compensated by the huge increase in mode overlap with the photonic crystal, 
calculated to be 24%. The net modal gain is above the threshold value between  
 
Figure 4.32: Net modal gain and required threshold gain as a function of the GaAs ballast 
layer thickness above the InGaP/GaAs photonic crystal. 
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Figure 4.34: Net modal gain and required threshold gain as a function of the GaAs ballast 
layer thickness placed above an AlAs/GaAs photonic crystal 
 
 
Figure 4.35: Two optical mode profiles plotted, the dotted black line is for a 400 nm thick 
GaAs ballast layer and the dotted white line is for the zero ballast, for the AlAs/GaAs 
photonic crystal. The refractive index is plotted in solid black for the 400 nm thick GaAs 
ballast layer. 
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ballast layer thicknesses of 150 to 300 nm. The optimum value is 200 nm but as 
this gives a modal gain of 34.2 cm-1, which is only just above the required gain 
threshold value of 30.8 cm-1, any issues with the overgrowth or fabrication 
would probably mean that devices would not lase from the ground state. 
Although the device may lase from an excited state this would mean a change 
in emission wavelength, which may not be matched to the reflectivity maximum 
of the photonic crystal. Therefore, it can be concluded that the InGaP/GaAs 
material system is not ideal for a QD PCSEL.  
Figure 4.34 shows how the net modal gain and threshold gain are affected by 
the thickness of the GaAs ballast layer placed above an AlAs/GaAs photonic 
crystal. Similar to the void/GaAs and InGaP/GaAs photonic crystal structures 
the optical mode is forced away from photonic crystal and the active region, 
however whilst the refractive index contrast between AlAs and GaAs is smaller 
than in the void/GaAs case it is higher than for the  InGaP/GaAs case. The mode 
profile and refractive index plot are shown in figure 4.35 for a ballast layer 
thickness of 400 nm and also for no ballast layer.  The maximum of the optical 
mode for the 400 nm ballast layer is found to occur below the active region in 
the bottom cladding layer, having an overlap with the photonic crystal of 9.4% 
and an active region overlap of 10.6%. Similarly, the maximum of the optical 
mode profile for the zero thickness ballast layer is also below the active region 
but a smaller overlap of 7.6% is observed with the photonic crystal and a slightly 
larger overlap of 11.4% with the active region. The mode overlap with the active 
region is 10%, which is higher than for the InGaP/GaAs photonic crystal but 
slightly lower than for the void/GaAs photonic crystal. The mode overlap with 
the photonic crystal is 9%, which is lower than for InGaP/GaAs but much higher 
than for the void/GaAs photonic crystal. The net modal gain is above the 
threshold value for a ballast layer thickness between 0 and 500 nm. The 
optimum value is 350 nm where the net modal gain is 10 cm-1 greater than 
required for lasing. Hence, the AlAs/GaAs photonic crystal material system is 
likely to work, even if the losses in the structure are somewhat higher than 
expected. At large ballast layer thicknesses, a similar effect to the void system 
is observed, with the optical mode confined in the ballast layer instead of the 
active region. Three material systems for the photonic crystal have been 
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considered, void/GaAs, InGaP/GaAs and AlAs/GaAs. The GaAs ballast layer 
thickness has been optimised to obtain sufficient modal gain for a ground state 
QD-PCSEL device for both InGaP/GaAs and AlAs/GaAs photonic crystals, 
with the latter exhibiting a larger difference between the required gain and the 
calculated net modal gain. In contrast, the void/GaAs photonic crystal had 
insufficient net modal gain to be above the required threshold gain. For any 
practical system a relatively large difference between the required threshold 
gain and the net modal gain is required for a  QD-PCSEL to compensate  for 
any fabrication issues. 
A potential approach to increase the net modal gain and reduce the threshold 
gain is by the introduction of an additional layer with a lower refractive index 
below the active region, called a repulsion layer. AlAs is a suitable material and 
the incorporation of such a layer is modelled to study its effects on the mode 
overlap with the QD layers and the photonic crystal for all three material 
systems as discussed previously. To study the effect of the repulsion layer the 
GaAs ballast layer is removed. 
Figure 4.36 shows how the net modal gain and threshold gain vary with the 
thickness of an AlAs repulsion layer placed below the active region of a 
 
Figure 4.36: Net modal gain and required threshold gain as a function of the AlAs 
repulsion layer thickness placed below the active region for the void/GaAs photonic 
crystal. 
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void/GaAs photonic crystal structure. The mode profile and refractive index 
variation are shown in figure 4.37, where the optical mode is seen to have a 
maximum in the middle of the active region. The mode overlap with the active 
region is 14%, which is higher than the 11% achieved with the ballast layer. The 
mode overlap with the photonic crystal is also higher at 2%, compared to 1.5% 
with the ballast layer. With both of these values increasing, the net modal gain 
for the structure is increased and the threshold gain is reduced. The optimum 
AlAs thickness is 850 nm, with the net modal gain being 5 cm-1 more than 
required for lasing. 
Figure 4.38 shows how the net modal gain and threshold gain are affected by 
varying the thickness of an AlAs repulsion layer placed below the active region 
of an InGaP/GaAs photonic crystal structure. The mode profile and refractive 
index variation are shown in figure 4.39, where the optical mode is seen to have 
a maximum just above the middle of the active region. The mode overlap with 
the active region is 10%, which is higher than the 8% achieved using a ballast 
layer. The mode overlap with the photonic crystal remains the same at 24%. 
With the increase in the mode overlap with the QDs, the threshold gain is  
 
Figure 4.37: Two optical mode profiles plotted, the dotted black line is for a 500 nm thick 
AlAs repulsion layer and the dotted white line is for the zero ballast, for the void/GaAs 
photonic crystal. The refractive index is plotted in solid black for the 500 nm thick AlAs 
repulsion layer. 
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Figure 4.38: Net modal gain and required threshold gain as a function of the AlAs 
repulsion layer thickness placed below the active region for the InGaP/GaAs photonic 
crystal. 
 
Figure 4.39: Two optical mode profiles plotted, the dotted black line is for a 200 nm thick 
AlAs repulsion layer and the dotted white line is for the zero ballast, for the InGaP/GaAs 
photonic crystal. The refractive index is plotted in solid black for the 200 nm thick AlAs 
repulsion layer. 
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reduced, increasing the likelihood for the devices to lase even with growth and 
processing defects. The optimum AlAs layer thickness is 200 nm with the net 
modal gain obtaining being 12 cm-1 more than required for lasing. Figure 4.40 
shows how the net modal gain and threshold gain vary with the thickness of the 
AlAs repulsion layer placed below the active region of an AlAs/GaAs photonic 
crystal structure. The mode profile and refractive index variation is shown in 
figure 4.41 for a 200 nm thick AlAs layer, where the optical mode is seen to 
have a maximum at the centre of the active region. The mode overlap with the 
active region is 12%, which is higher than the 10% achieved using a ballast 
layer. The mode overlap with the photonic crystal is also higher at 11%, 
compared to 9% achieved with just the ballast layer. With both of these values 
increasing, the net modal gain for the structure is increased and the threshold 
gain is reduced, allowing more potential for the devices to work even with 
increased losses. The optimum AlAs thickness is 200 nm, with the net modal 
gain obtained being 20 cm-1 higher than required for lasing in an ideal structure. 
 
Figure 4.40: Net modal gain and required threshold gain as a function of the AlAs 
repulsion layer thickness placed below the active region for the AlAs/GaAs photonic 
crystal. 
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This strongly suggests that the AlAs/GaAs photonic crystal material system 
with a 200 nm AlAs repulsion layer is likely to lase from the ground state.  
Table 4.3 summarise the photonic material systems showing the required gain 
and the net modal gain of each and the maximum difference between these two 
quantities. With the void/GaAs photonic crystal there is a deficit in the net 
modal gain compared to the required gain for the zero ballast/repulsion layer 
and for the 350 nm ballast layer. However, an excess is achieved with the use 
of a repulsion layer, although this excess is relatively small. With the 
InGaP/GaAs photonic crystal, any thicknesses of AlAs repulsion layer shows a 
larger difference between the gain threshold and net modal gain compared to 
the zero repulsion layer and an excess in gain leading to the potential for a 
working laser. However, the excess is small and hence the effects of the 
fabrication process might result in devices having insufficient ground state gain, 
although the addition of the repulsion layer increases the excess suggesting the 
potential for a practical device. For the AlAs/GaAs photonic crystal, all three 
material systems, void/GaAs, InGaP/GaAs and AlAs/GaAs have an excess in 
 
Figure 4.41: Two optical mode profiles plotted, the dotted black line is for a 200 nm thick 
AlAs repulsion layer and the dotted white line is for the zero ballast, for the AlAs/GaAs 
photonic crystal. The refractive index is plotted in solid black for the 200 nm thick AlAs 
repulsion layer. 
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the net modal gain leading to the potential that these AlAs/GaAs photonic 
crystal structures will lase. However, the possibility of a working PCSELs is 
enhanced by the use of an AlAs repulsion layer with the AlAs/GaAs photonic 
crystal being the optimum structure. Therefore, the most promising structures 
for growth and study are AlAs/GaAs photonic crystals without either layer and 
with a ballast or repulsion layer and the InAsP/GaAs photonic crystal with a 
repulsion layer. In addition, the use of both a GaAs ballast layer and an AlAs 
repulsion layer may lead to further improvements in the difference between the 
required gain and the net modal gain. 
 
 
  
Photonic crystal Required Gain (cm-1) 
Net modal 
Gain (cm-1) 
Difference 
(cm-1) 
void/GaAs 78.5 40.8 -37.7 
void/GaAs (350 nm 
ballast layer) 68.9 40.9 -28 
void/GaAs (850 nm 
repulsion layer) 44 50.9 6.9 
InGaP/GaAs 36.8 37.1 0.3 
InGaP/GaAs (200 nm 
ballast layer) 30.8 34.2 3.4 
InGaP/GaAs (200 nm 
repulsion layer) 26.9 36.7 9.8 
AlAs/GaAs 33.8 41.1 7.3 
AlAs/GaAs (200 nm 
ballast layer) 28.3 39.5 11.2 
AlAs/GaAs (200 nm 
repulsion layer) 22.6 44.9 22.3 
 
Table 4.3: Summary of the required gain, net modal gain and the difference for the three 
photonic crystal material systems and the optimum GaAs ballast thickness and the 
optimum AlAs repulsion thicknesses.  
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4.8 Epitaxial Overgrowth of Planar Structures 
The ultimate aim of this work was to fabricate QD PCSELs starting with wafers 
supplied by QD Laser Inc. containing eight QD layers separated by 39.2 nm of 
GaAs with a lower cladding layer of 1.4 µm of Al0.40Ga0.60As. Before a full QD 
PCSEL structure could be attempted, a large number of test and development 
steps are required. Initial overgrowth was used to investigate how the MOVPE 
growth temperature might affect the emission wavelength of the QDs. The 
growth temperature used was 580°C to minimise annealing of the QDs which 
would blue-shift their emission and potentially giving a mismatch with the 
reflectivity maximum of the photonic crystal. In addition, the effect of 
incorporating a highly doped AlAs layer above the active region was studied; 
this layer was designed to represent the photonic crystal region.  
 Before overgrowth of the QD wafers, doping calibrations of the carbon flow 
rates were performed to ensure the correct doping levels in the AlAs and 
Al0.42Ga0.58As layers. The AlAs doping level is calibrated to 1x1018 cm-3 and the 
AlGaAs layer is calibrated to 5x1017 cm-3 and 1x1018 cm-3 using Hall 
 
Figure 4.42: Emission spectra of the QDs before and after MOVPE overgrowth. 
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measurements. Two doping levels are used to reduce internal losses associated 
with highly doped layers near the active region. A high doping layer is required 
to reduce the contact and internal resistance of the device. Before the QD Laser 
Inc. wafers were loaded into the MOVPE growth chamber, they were cleaved 
into quarters, cleaned using the three stage clean and oxygen asher described in 
section 4.3, and HF dipped for one minute to remove the surface oxide and any 
residual contaminates. Two overgrowths were attempted, the first was the 
growth of an upper cladding layer consisting of 750 nm of low doped 
Al0.42Ga0.58As followed by 750 nm  of high doped  Al0.42Ga0.58As and capped 
with 200 nm of highly doped (1x1019 cm-3) GaAs which forms the contact layer. 
The second overgrowth had the same upper cladding and contact layer but an 
additional layer between the active and cladding regions consisting of 100 nm 
of highly doped (1x1018 cm-3) AlAs, this is the position where the photonic 
crystal would be fabricated. Both overgrowth structures are temperature limited 
to 580°C to ensure that there are no adverse annealing of the QDs. Figure 4.42 
shows the room temperature PL spectra before and EL spectra after overgrowth. 
No changes are observed in the wavelength of the QD emission, confirming that 
the overgrowth temperature is sufficiently low to prevent any significant 
annealing of the QDs, which would result in a blue shift of the emission.  
 
Figure 4.43: SEM image of the etch profile of the mesa diode. 
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Both overgrowth structures were fabricated into mesa diodes, as described in 
section 4.3. To ensure that the AlAs layer does not oxidise, the isolation etch is 
limited to the upper cladding and contact layer. Figure 4.43 is a SEM image 
showing the isolation etch, where the AlAs layer is confirmed not to be exposed. 
Figure 4.44 shows the electrical characteristics of both overgrowth structures 
(with and without the AlAs layer).  The IV characteristics of both samples are 
observed to be very similar, indicating that heavily doping the AlAs layer has 
prevented this wide bandgap material from creating an additional potential 
barrier, which impedes carrier transport in the device. These results show that it 
is possible to overgrow the supplied QD material using MOVPE without any 
significant change to the QD properties. In addition, adding an AlAs layer, 
which would be required, as the starting material for the photonic crystal, does 
not cause a noticeable degradation to the electrical characteristics of the diode.  
 
Figure 4.44: Room temperature IV for MOVPE overgrown QD structures fabricated into 
mesa diodes. Characteristics for structures both with and without a 100 nm AlAs layer 
placed above the active region are shown. 
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4.9 Further work 
Further work is required to improve the lasing performance of the edge emitting 
QD lasers. The initial studies detailed above show considerable promise, with 
an improved performance for the 30 nm strain balanced device in comparison 
to that of the 30 nm device without strain balancing. Further optimisation of the 
QD growth parameters have shown improvements towards obtaining long 
wavelength room temperature lasing based on a non-strain balanced structure 
with 50 nm layer separation, as discussed in section 4.5. Therefore, 
incorporating the QD growth parameters used in the room temperature QD laser 
with the strain balancing would allow 30 nm and potentially the 20 nm layer 
separations room temperature laser. As a consequence further development 
using larger numbers of QD layers within the active region could be attempted, 
which should reduce the threshold current density. The fabrication of multi-
section devices and/or ridge laser with different cavity lengths would allow the 
gain produced by the QDs to be determined. 
Continuation of the QD-PCSEL work would focus on the implementation of an 
AlAs/GaAs photonic crystal, with wafers provided by QD Laser Inc. need to be 
fabricated to define the photonic crystal, which will be infilled with AlAs during 
the overgrowth process to form an AlAs/GaAs photonic crystal. Additional 
growth studies are required to study the effect of the AlAs repulsion layer placed 
below the active region and also to investigate differences between the use of a 
ballast layer and a repulsion layer in AlAs/GaAs and InGaP/GaAs photonic 
crystals. Further modelling can be performed to study the effect of using both a 
ballast and repulsion layers within the same structure to increase the mode 
overlap with the photonic crystal and active region.  
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4.10 Conclusions 
In this chapter the fabrication techniques used to successfully fabricate mesa 
diodes and broad area lasers has been presented. Low temperature EL 
measurements of the mesa diodes reveals issues with QD bimodality. It is 
shown that this bimodality can be reduced by increasing the InAs coverage, 
showing promise for future room temperature ground state lasing devices at 
1300 nm and novel device applications. Laser devices were grown and 
fabricated with and without a strain-balancing layer. Incorporation of this 
layer is shown to improve the performance of a device with a 30 nm spacing 
between QD layers, although performance is still inferior to that of a 50 nm 
device without strain balancing. Both strain balanced and non-strain 
balanced lasers operate up to at least 200 K for 30 nm QD layer separation 
and 220 K for 50 nm QD layer separation, without any facet coating. A 
strong QD bimodality is shown to limit the ground state gain for QDs 
emitting close to 1.3 µm. Further growth optimisation has yielded room 
temperature lasing from an excited QD state by reducing the V/III ratio to 5 
from 208 and reducing the reactor pressure to 50 from 100 Torr. 
Modelling has been performed of QD-PCSEL devices with input parameters 
obtained from the experimental measurements of QD gain and previous 
QW-PCSEL devices. This modelling has been used to determine the 
minimum threshold current density and net modal gain. Three photonic 
crystal material systems have been modelled.  The first is the void/GaAs 
system. Here results suggest difficulty in obtaining ground state laser 
without additional layers being added below the active region. An AlAs 
repulsion layer improves the potential performance but this would require 
additional growth steps. The second material system is InGaP/GaAs, which 
has been previously used in the fabrication of QW-PCSELs operating at 980 
nm. Although lasing appears possible in the basic structure there is little 
tolerance to imperfections resulting from growth or fabrication. The 
addition of an AlAs repulsion layer significantly improves the tolerance to 
a less than ideal structure. The third material system is AlAs/GaAs where 
the net modal gain produced without any additional AlAs repulsion layer is 
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already significantly above that required, but is further improved with its 
addition. Initial test structures grown with a 100 nm AlAs layer above the 
active region show little or no degradation in the electrical characteristics if 
this layer is highly doped. In addition, no change to the QD emission 
properties resulted from the overgrowth. These initial growth studies 
suggest the viability of this approach to produce a QD-PCSEL operating at 
1.3 µm. 
  
Chapter 4: Optoelectronic Device Fabrication, Measurement and Modelling 
 
189 
 
4.11 References 
[1] G. S. May and C. J. Spanos, Fundamentals of semiconductor 
manufacturing and process control. IEEE, 2006. 
[2] S. S. Li, Semiconductor physical electronics. Springer, 2010. 
[3] Y. P. Varshni, “Temperature dependence of the energy gap in 
semiconductors,” Physica, vol. 34, no. 1, pp. 149–154, Jan. 1967. 
[4] P. Blood, Quantum confined laser devices : optical gain and 
recombination in semiconductors, 1st ed. Oxford University Press, 2015. 
[5] Z. Y. Xu et al., “Carrier relaxation and thermal activation of localized 
excitons in self-organized InAs multilayers grown on GaAs substrates,” 
Phys. Rev. B, vol. 54, no. 16, pp. 11528–11531, Oct. 1996. 
[6] D. Bimberg, N. Kirstaedter, N. N. Ledentsov, Z. I. Alferov, P. S. Kop’ev, 
and V. M. Ustinov, “InGaAs-GaAs quantum-dot lasers,” IEEE J. Sel. 
Top. Quantum Electron., vol. 3, no. 2, pp. 196–205, Apr. 1997. 
[7] L. Brusaferri et al., “Thermally activated carrier transfer and 
luminescence line shape in self‐organized InAs quantum dots,” Appl. 
Phys. Lett. 69, 3354 (1996) 
[8] J. M. Garcı́a et al., “Intermixing and shape changes during the formation 
of InAs self-assembled quantum dots,” Appl. Phys. Lett., vol. 71, no. 14, 
p. 2014, Oct. 1997. 
[9] Y. T. Dai, J. C. Fan, Y. F. Chen, R. M. Lin, S. C. Lee, and H. H. Lin, 
“Temperature dependence of photoluminescence spectra in InAs/GaAs 
quantum dot superlattices with large thicknesses,” Journal of Applied 
Physics 82, 4489 (1997) 
[10]  A. A. El-Emawy et al., “Formation trends in quantum dot growth using 
metalorganic chemical vapor deposition,” J. Appl. Phys., vol. 93, no. 6, 
p. 3529, 2003. 
[11]  A. Passaseo et al., “Dependence of the emission wavelength on the 
internal electric field in quantum-dot laser structures grown by metal–
organic chemical-vapor deposition,” Appl. Phys. Lett., vol. 79, no. 10, p. 
Chapter 4: Optoelectronic Device Fabrication, Measurement and Modelling 
 
190 
 
1435, 2001. 
[12]  A. Passaseo, G. Maruccio, M. De Vittorio, R. Rinaldi, R. Cingolani, and 
M. Lomascolo, “Wavelength control from 1.25 to 1.4 μm in InxGa1−xAs 
quantum dot structures grown by metal organic chemical vapor 
deposition,” Appl. Phys. Lett., vol. 78, no. 10, p. 1382, 2001. 
[13] L. Finger et al., “Modification of energy relaxation of InGaAs quantum 
dots by postgrowth thermal annealing,” in Conference Proceedings. 1998 
International Conference on Indium Phosphide and Related Materials 
(Cat. No.98CH36129), 1998, pp. 151–154. 
[14] D. Guimard et al., “Interface properties of InAs quantum dots produced 
by antimony surfactant-mediated growth: Etching of segregated 
antimony and its impact on the photoluminescence and lasing 
characteristics,” Appl. Phys. Lett., vol. 94, no. 10, p. 103116, 2009. 
[15] H. Z. Song, Y. Tanaka, T. Yamamoto, N. Yokoyama, M. Sugawara, and 
Y. Arakawa, “AlGaAs capping effect on InAs quantum dots self-
assembled on GaAs,” Phys. Lett. A, vol. 375, no. 40, pp. 3517–3520, 
Sep. 2011. 
[16] A. O. Kosogov et al., “Structural and optical properties of InAs–GaAs 
quantum dots subjected to high temperature annealing,” Appl. Phys. Lett. 
69, 3072 (1996)  
[17] K. Pötschke et al., “Ripening of self-organized InAs quantum dots,” 
Phys. E Low-dimensional Syst. Nanostructures, vol. 21, no. 2–4, pp. 
606–610, Mar. 2004. 
[18] S. Mokkapati, J. Wong-Leung, H. H. Tan, C. Jagadish, K. E. McBean, 
and M. R. Phillips, “Tuning the bandgap of InAs quantum dots by 
selective-area MOCVD,” J. Phys. D. Appl. Phys., vol. 41, no. 8, p. 
85104, Apr. 2008. 
[19] K. Sears, H. H. Tan, J. Wong-Leung, and C. Jagadish, “The role of arsine 
in the self-assembled growth of InAs∕GaAs quantum dots by metal 
organic chemical vapor deposition,” J. Appl. Phys., vol. 99, no. 4, p. 
44908, Feb. 2006. 
Chapter 4: Optoelectronic Device Fabrication, Measurement and Modelling 
 
191 
 
[20] S. Mokkapati, H. H. Tan, and C. Jagadish, “Multiple wavelength InGaAs 
quantum dot lasers using selective area epitaxy,” Appl. Phys. Lett., vol. 
90, no. 17, p. 171104, Apr. 2007. 
[21] K. Sears, H. Tan, M. Buda, J. Wong-Leung, and C. Jagadish, “Growth 
and Characterization of InAs/GaAs Quantum Dots and Diode Lasers,” 
2006 Int. Conf. Nanosci. Nanotechnol., pp. 505–508, 2006. 
[22] A. L. Schawlow and C. H. Townes, “Infrared and Optical Masers,” Phys. 
Rev., vol. 112, no. 6, pp. 1940–1949, Dec. 1958. 
[23] T. H. MAIMAN, “Stimulated Optical Radiation in Ruby,” Nature, vol. 
187, no. 4736, pp. 493–494, Aug. 1960. 
[24] A. Javan, W. R. Bennett, and D. R. Herriott, “Population Inversion and 
Continuous Optical Maser Oscillation in a Gas Discharge Containing a 
He-Ne Mixture,” Phys. Rev. Lett., vol. 6, no. 3, pp. 106–110, Feb. 1961. 
[25] I. Hayashi, M. B. Panish, P. W. Foy, and S. Sumski, “JUNCTION 
LASERS WHICH OPERATE CONTINUOUSLY AT ROOM 
TEMPERATURE,” Appl. Phys. Lett., vol. 17, no. 3, pp. 109–111, Aug. 
1970. 
[26] A. Perot and C. Fabry, “On the Application of Interference Phenomena 
to the Solution of Various Problems of Spectroscopy and Metrology,” 
Astrophys. J., vol. 9, p. 87, Feb. 1899. 
[27] K. Otsubo et al., “Temperature-Insensitive Eye-Opening under 10-Gb/s 
Modulation of 1.3-µm P-Doped Quantum-Dot Lasers without Current 
Adjustments,” Jpn. J. Appl. Phys., vol. 43, no. No. 8B, pp. L1124–L1126, 
Jul. 2004. 
[28] M. Asada, Y. Miyamoto, and Y. Suematsu, “Gain and the threshold of 
three-dimensional quantum-box lasers,” IEEE J. Quantum Electron., vol. 
22, no. 9, pp. 1915–1921, Sep. 1986. 
[29] Y. Arakawa and H. Sakaki, “Multidimensional quantum well laser and 
temperature dependence of its threshold current,” Appl. Phys. Lett., vol. 
40, no. 11, p. 939, 1982. 
[30] G. W. Turner, H. K. Choi, and M. J. Manfra, “Ultralow-threshold 
Chapter 4: Optoelectronic Device Fabrication, Measurement and Modelling 
 
192 
 
(50 A/cm2) strained single-quantum-well GaInAsSb/AlGaAsSb lasers 
emitting at 2.05 μm,” Appl. Phys. Lett., vol. 72, no. 8, p. 876, Jun. 1998. 
[31] P. G. Eliseev et al., “Transition dipole moment of InAs/InGaAs quantum 
dots from experiments on ultralow-threshold laser diodes,” Appl. Phys. 
Lett., vol. 77, no. 2, p. 262, Jun. 2000. 
[32] P. G. Eliseev, H. Li, T. Liu, T. C. Newell, L. F. Lester, and K. J. Malloy, 
“Ground-state emission and gain in ultralow-threshold InAs-InGaAs 
quantum-dot lasers,” IEEE J. Sel. Top. Quantum Electron., vol. 7, no. 2, 
pp. 135–142, 2001. 
[33] Xiaodong Huang, A. Stintz, C. P. Hains, G. T. Liu, J. Cheng, and K. J. 
Malloy, “Very low threshold current density room temperature 
continuous-wave lasing from a single-layer InAs quantum-dot laser,” 
IEEE Photonics Technol. Lett., vol. 12, no. 3, pp. 227–229, Mar. 2000. 
[34] I. R. Sellers et al., “1.3 µm InAs∕GaAs multilayer quantum-dot laser with 
extremely low room-temperature threshold current density,” Electron. 
Lett., vol. 40, no. 22, p. 1412, 2004. 
[35] G. T. Liu, A. Stintz, H. Li, K. J. Malloy, and L. F. Lester, “Extremely 
low room-temperature threshold current density diode lasers using InAs 
dots in In0.15Ga0.85As quantum well,” Electron. Lett., vol. 35, no. 14, p. 
1163, 1999. 
[36] D. L. Huffaker, G. Park, Z. Zou, O. B. Shchekin, and D. G. Deppe, 
“Continuous-wave low-threshold performance of 1.3 µm InGaAs-GaAs 
quantum-dot lasers,” IEEE J. Sel. Top. Quantum Electron., vol. 6, no. 3, 
pp. 452–461, May 2000. 
[37] M. Grundmann et al., “Low threshold, large To injection laser emission 
from (InGa)As quantum dots,” Electron. Lett., vol. 30, no. 17, pp. 1416–
1417, Aug. 1994. 
[38] A. Passaseo et al., “Comparison of radiative and structural properties of 
1.3 μm InxGa1−xAs quantum-dot laser structures grown by metalorganic 
chemical vapor deposition and molecular-beam epitaxy: Effect on the 
lasing properties,” Appl. Phys. Lett., vol. 82, no. 21, p. 3632, May 2003. 
Chapter 4: Optoelectronic Device Fabrication, Measurement and Modelling 
 
193 
 
[39] J. Tatebayashi, N. Nuntawong, P. S. Wong, Y.-C. Xin, L. F. Lester, and 
D. L. Huffaker, “Strain compensation technique in self-assembled 
InAs/GaAs quantum dots for applications to photonic devices,” J. Phys. 
D. Appl. Phys., vol. 42, no. 7, p. 073002, Apr. 2009. 
[40] R. L. Sellin, C. Ribbat, M. Grundmann, N. N. Ledentsov, and D. 
Bimberg, “Close-to-ideal device characteristics of high-power 
InGaAs/GaAs quantum dot lasers,” Appl. Phys. Lett., vol. 78, no. 9, p. 
1207, Feb. 2001. 
[41] R. L. Sellin et al., “High-reliability MOCVD-grown quantum dot laser,” 
Electron. Lett., vol. 38, no. 16, p. 883, 2002. 
[42] I. N. Kaiander et al., “1.24 μm InGaAs/GaAs quantum dot laser grown 
by metalorganic chemical vapor deposition using tertiarybutylarsine,” 
Appl. Phys. Lett., vol. 84, no. 16, p. 2992, 2004. 
[43] N. Nuntawong et al., “Quantum dot lasers based on a stacked and strain-
compensated active region grown by metal-organic chemical vapor 
deposition,” Appl. Phys. Lett., vol. 86, no. 19, p. 193115, 2005. 
[44] D. Guimard et al., “Ground state lasing at 1.30 µm from InAs/GaAs 
quantum dot lasers grown by metal-organic chemical vapor deposition.,” 
Nanotechnology, vol. 21, no. 10, p. 105604, Mar. 2010. 
[45] J. Tatebayashi et al., “1.28 μm lasing from stacked InAs∕GaAs quantum 
dots with low-temperature-grown AlGaAs cladding layer by 
metalorganic chemical vapor deposition,” Appl. Phys. Lett., vol. 86, no. 
5, p. 53107, 2005. 
[46] J. Tatebayashi et al., “Low threshold current operation of self-assembled 
InAs∕GaAs quantum dot lasers by metal organic chemical vapour 
deposition,” Electron. Lett., vol. 39, no. 15, p. 1130, 2003. 
[47] M. S. Skolnick and D. J. Mowbray, “SELF-ASSEMBLED 
SEMICONDUCTOR QUANTUM DOTS: Fundamental Physics and 
Device Applications,” Annu. Rev. Mater. Res., vol. 34, no. 1, pp. 181–
218, Aug. 2004. 
[48] D. J. Mowbray and M. S. Skolnick, “New physics and devices based on 
Chapter 4: Optoelectronic Device Fabrication, Measurement and Modelling 
 
194 
 
self-assembled semiconductor quantum dots,” J. Phys. D. Appl. Phys., 
vol. 38, no. 13, pp. 2059–2076, Jul. 2005. 
[49] O. B. Shchekin and D. G. Deppe, “Low-threshold high-T0 1.3 µm InAs 
quantum-dot lasers due to p-type modulation doping of the active 
region,” IEEE Photonics Technol. Lett., vol. 14, no. 9, pp. 1231–1233, 
Sep. 2002. 
[50] O. B. Shchekin and D. G. Deppe, “1.3 μm InAs quantum dot laser with 
To=161 K from 0 to 80 °C,” Appl. Phys. Lett., vol. 80, no. 18, pp. 3277–
3279, May 2002. 
[51] E. Yablonovitch, “Inhibited Spontaneous Emission in Solid-State 
Physics and Electronics,” Phys. Rev. Lett., vol. 58, no. 20, pp. 2059–
2062, May 1987. 
[52] W. Streifer, R. Burnham, and D. Scifres, “Effect of external reflectors on 
longitudinal modes of distributed feedback lasers,” IEEE J. Quantum 
Electron., vol. 11, no. 4, pp. 154–161, Apr. 1975. 
[53] H. Kogelnik and C. V. Shank, “Coupled‐Wave Theory of Distributed 
Feedback Lasers,” J. Appl. Phys., vol. 43, no. 5, pp. 2327–2335, May 
1972. 
[54] H. C. Casey, S. Somekh, and M. Ilegems, “Room‐temperature operation 
of low‐threshold separate‐confinement heterostructure injection laser 
with distributed feedback,” Appl. Phys. Lett., vol. 27, no. 3, pp. 142–144, 
Aug. 1975. 
[55] R. Burnham, D. Scifres, and W. Streifer, “Single-heterostructure 
distributed-feedback GaAs-diode lasers,” IEEE J. Quantum Electron., 
vol. 11, no. 7, pp. 439–449, Jul. 1975. 
[56] K. Iga, “Surface-emitting laser-its birth and generation of new 
optoelectronics field,” IEEE J. Sel. Top. Quantum Electron., vol. 6, no. 
6, pp. 1201–1215, Nov. 2000. 
[57] H. Soda, K. Iga, C. Kitahara, and Y. Suematsu, “GaInAsP/InP Surface 
Emitting Injection Lasers,” Jpn. J. Appl. Phys., vol. 18, no. 12, pp. 2329–
2330, Dec. 1979. 
Chapter 4: Optoelectronic Device Fabrication, Measurement and Modelling 
 
195 
 
[58] K. Iga, F. Koyama, and S. Kinoshita, “Surface emitting semiconductor 
lasers,” IEEE J. Quantum Electron., vol. 24, no. 9, pp. 1845–1855, Sep. 
1988. 
[59] J. D. Joannopoulos, S. G. Johnson, J. N. Winn, and R. D. Meade, 
Photonic Crystals : Molding the Flow of Light (Second Edition). 
Princeton University Press, 2008. 
[60] M. Berggren, A. Dodabalapur, R. E. Slusher, Z. Bao, A. Timko, and O. 
Nalamasu, “Organic lasers based on lithographically defined photonic-
bandgap resonators,” Electron. Lett., vol. 34, no. 1, p. 90, 1998. 
[61] M. Imada, S. Noda, A. Chutinan, T. Tokuda, M. Murata, and G. Sasaki, 
“Coherent two-dimensional lasing action in surface-emitting laser with 
triangular-lattice photonic crystal structure,” Appl. Phys. Lett., vol. 75, 
no. 3, p. 316, Jul. 1999. 
[62] D. Ohnishi, T. Okano, M. Imada, and S. Noda, “Room temperature 
continuous wave operation of a surface-emitting two-dimensional 
photonic crystal diode laser,” Opt. Express, vol. 12, no. 8, p. 1562, Apr. 
2004. 
[63] E. Miyai, K. Sakai, T. Okano, W. Kunishi, D. Ohnishi, and S. Noda, 
“Lasers producing tailored beams,” Nature, vol. 441, no. 7096, pp. 946–
946, Jun. 2006. 
[64] K. Sakai, E. Miyai, T. Sakaguchi, D. Ohnishi, T. Okano, and S. Noda, 
“Lasing band-edge identification for a surface-emitting photonic crystal 
laser,” IEEE J. Sel. Areas Commun., vol. 23, no. 7, pp. 1335–1340, Jul. 
2005. 
[65] M. Imada, A. Chutinan, S. Noda, and M. Mochizuki, “Multidirectionally 
distributed feedback photonic crystal lasers,” Phys. Rev. B, vol. 65, no. 
19, p. 195306, Apr. 2002. 
[66] K. Hirose, Y. Liang, Y. Kurosaka, A. Watanabe, T. Sugiyama, and S. 
Noda, “Watt-class high-power, high-beam-quality photonic-crystal 
lasers,” Nat. Photonics, vol. 8, no. 5, pp. 406–411, May 2014. 
[67] M. Imada, S. Noda, A. Chutinan, M. Murata, and G. Sasaki, 
Chapter 4: Optoelectronic Device Fabrication, Measurement and Modelling 
 
196 
 
“Semiconductor lasers with one- and two-dimensional air/semiconductor 
gratings embedded by wafer fusion technique,” IEEE J. Sel. Top. 
Quantum Electron., vol. 5, no. 3, pp. 658–663, 1999. 
[68] R. J. E. Taylor, D. M. Williams, J. R. Orchard, D. T. D. Childs, S. 
Khamas, and R. A. Hogg, “Band structure and waveguide modelling of 
epitaxially regrown photonic crystal surface-emitting lasers,” J. Phys. D. 
Appl. Phys., vol. 46, no. 26, p. 264005, Jul. 2013. 
[69] D. M. Williams et al., “Epitaxially Regrown GaAs-Based Photonic 
Crystal Surface-Emitting Laser,” IEEE Photonics Technol. Lett., vol. 24, 
no. 11, pp. 966–968, Jun. 2012. 
[70] D. M. Williams et al., “Optimisation of Coupling between Photonic 
Crystal and Active Elements in an Epitaxially Regrown GaAs Based 
Photonic Crystal Surface Emitting Laser,” Jpn. J. Appl. Phys., vol. 51, 
no. 2, p. 02-05, Feb. 2012. 
[71] R. J. E. Taylor et al., “Coherently Coupled Photonic-Crystal Surface-
Emitting Laser Array,” IEEE J. Sel. Top. Quantum Electron., vol. 21, no. 
6, pp. 493–499, Nov. 2015. 
[72] R. J. E. Taylor et al., “Electronic control of coherence in a two-
dimensional array of photonic crystal surface emitting lasers,” Sci. Rep., 
vol. 5, no. 1, p. 13203, Oct. 2015. 
[73] R. J. E. Taylor et al., “Mode Control in Photonic Crystal Surface Emitting 
Lasers Through External Reflection,” IEEE J. Sel. Top. Quantum 
Electron., vol. 23, no. 6, pp. 1–8, Nov. 2017. 
[74] R. J. E. Taylor et al., “All-Semiconductor Photonic Crystal Surface-
Emitting Lasers Based on Epitaxial Regrowth,” IEEE J. Sel. Top. 
Quantum Electron., vol. 19, no. 4, pp. 4900407–4900407, Jul. 2013. 
[75] R. J. E. Taylor et al., “Mode Control in Photonic Crystal Surface Emitting 
Lasers Through External Reflection,” IEEE J. Sel. Top. Quantum 
Electron., vol. 23, no. 6, pp. 1–8, Nov. 2017. 
[76] I. O’Driscoll, P. Blood, and P. M. Smowton, “Random Population of 
Quantum Dots in InAs–GaAs Laser Structures,” IEEE J. Quantum 
Chapter 4: Optoelectronic Device Fabrication, Measurement and Modelling 
 
197 
 
Electron., vol. 46, no. 4, pp. 525–532, Apr. 2010. 
[77] M. Grundmann and D. Bimberg, “Theory of random population for 
quantum dots,” Phys. Rev. B, vol. 55, no. 15, pp. 9740–9745, Apr. 1997. 
[78] H. . Wang, D. Ning, and S. . Feng, “Temperature dependence of the 
optical properties of InAs/GaAs self-organized quantum dots with 
bimodal size distribution,” J. Cryst. Growth, vol. 209, no. 4, pp. 630–
636, 2000. 
[79] F. Franchello, L. D. de Souza, E. Laureto, A. A. Quivy, I. F. L. Dias, and 
J. L. Duarte, “Influence of bimodal distribution and excited state 
emission on photoluminescence spectra of InAs self-assembled quantum 
dots,” J. Lumin., vol. 137, pp. 22–27, 2013. 
[80] D. Zhou et al., “Lateral wavelength control of InAs∕InGaAsP∕InP (100) 
quantum dots in the 1.55 μm region by selective-area metal organic 
vapor-phase epitaxy,” J. Appl. Phys., vol. 100, no. 11, p. 113512, Dec. 
2006. 
[81] T. Shioda et al., “Simulation and design of the emission wavelength of 
multiple quantum well structures fabricated by selective area 
metalorganic chemical vapor deposition,” Thin Solid Films, vol. 498, no. 
1–2, pp. 174–178, Mar. 2006. 
[82] G. Park, D. L. Huffaker, Z. Zou, O. B. Shchekin, and D. G. Deppe, 
“Temperature dependence of lasing characteristics for long-wavelength 
(1.3-μm) GaAs-based quantum-dot lasers,” IEEE Photonics Technol. 
Lett., vol. 11, no. 3, pp. 301–303, Mar. 1999. 
[83] K. Sears, J. Wong-leung, M. Buda, H. H. Tan, and C. Jagadish, “Growth 
and characterisation of InAs/GaAs quantum dots grown by MOCVD,” 
IEEE, pp. 6–9, 2005. 
[84] K. Sears, H. H. Tan, J. Wong-Leung, and C. Jagadish, “The role of arsine 
in the self-assembled growth of InAs∕GaAs quantum dots by metal 
organic chemical vapor deposition,” J. Appl. Phys., vol. 99, no. 4, p. 
44908, 2006. 
[85] G. B. Stringfellow, Organometallic Vapor-Phase Epitaxy: Theory and 
Chapter 4: Optoelectronic Device Fabrication, Measurement and Modelling 
 
198 
 
Practice. Academic Press, 1999. 
[86] “Bragg reflector.” http://www.batop.com/information/r_Bragg.html. 
[87] E. Yablonovitch, T. Gmitter, and K. Leung, “Photonic band structure: 
The face-centered-cubic case employing nonspherical atoms,” Phys. 
Rev. Lett., vol. 67, no. 17, pp. 2295–2298, Oct. 1991. 
[88] S. Noda, N. Yamamoto, H. Kobayashi, M. Okano, and K. Tomoda, 
“Optical properties of three-dimensional photonic crystals based on III–
V semiconductors at infrared to near-infrared wavelengths,” Appl. Phys. 
Lett., vol. 75, no. 7, p. 905, Aug. 1999. 
[89] S. Y. Lin et al., “A three-dimensional photonic crystal operating at 
infrared wavelengths,” Nature, vol. 394, no. 6690, pp. 251–253, Jul. 
1998. 
[90] D. M. Williams et al., “Epitaxially Regrown GaAs-Based Photonic 
Crystal Surface-Emitting Laser,” IEEE Photonics Technol. Lett., vol. 24, 
no. 11, pp. 966–968, Jun. 2012. 
 
Chapter 5: Conclusions and Further Work 
 
199 
 
Chapter 5:  
Conclusions and Further Work 
This chapter will discuss further work and provide brief conclusions of chapters 
two, three and four. The aim of this thesis was to establish InAs/GaAs self-
assembled quantum dot (QD) growth by metal-organic vapour phase epitaxy 
(MOVPE) at the University of Sheffield. An additional aim was the 
development of a suitable strain-balancing layer to reduce the overall strain in 
the structure close to zero and hence allow a reduction in the QD layer 
separation. This reduction gives a higher volumetric QD density and allows a 
greater number of QD layers to be placed close to the maximum of a laser cavity 
mode. In addition to increasing the maximum available gain this should reduce 
the threshold current density and permit new and novel devices. Following the 
optimisation of the QD growth and the development of a suitable strain-
balancing layer, the QDs were incorporated in a simple Fabry-Perot laser 
structure to compare the performance of devices with and without strain 
balancing layers. In addition the first steps in the development of  a QD photonic 
crystal surface emitting laser (PCSEL) were performed. 
In chapter two, the optimisation process for the quantum dot (QD) growth was 
discussed. The growth parameters: InAs coverage, growth rate, V/III ratio 
during the QD growth and capping layer growth were all optimised. For the QD 
growth the optimum parameters for the InAs coverage was 2 ML, the growth 
rate was 0.18 ML/s, the V/III ratio during the QD growth was 208 and the V/III 
ratio during the capping layer growth was 12. However, the V/III ratio for QD 
growth was subsequently to be substantially higher than values given in the 
literature. A later study investigated lowering the V/III ratio during QD growth. 
This was found to increase the QD optical efficiency but also gave a blue-shift 
of the emission which is problematic for devices aiming for emission at 1.3 µm. 
During the growth optimisation, transmission electron microscopy (TEM) 
images showed an unintentional indium diffusion layer above the QDs. 
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Attempts were made to remove this layer by increasing the initial cap layer 
thickness and increasing the capping layer growth temperature. Neither method 
was found to be successful in removing the indium diffusion layer but the 
surface morphology was observed to improved with an increase to 580°C of the 
capping layer growth temperature. 
Further work is required to remove the indium diffusion layer and to investigate 
the presence of this layer on the properties of the QDs, including their 
wavelength, carrier capture and optical efficiency. In addition, the only growth 
parameter not changed in this study was the growth temperature, due to the 
limitations of the EpiTT. The stated growth temperature is relative to a reference 
temperature of 525°C, the QDs were grown 40°C below this as indicated by a 
thermocouple. Therefore, a comprehensive study of the effect of growth 
temperature on the QD properties is required. 
In chapter three, the concept of strain balancing of QD layers with GaAszP1-z 
was discussed as a method to allow a reduction in layer the separation. Initially, 
LaserMod modelling of the possible effects of different phosphorous 
concentrations in a 5 nm GaAszP1-z layer on the electrical and optoelectronic 
characteristics was performed. From this modelling it was concluded that the 
use of a 5 nm GaAs0.8P0.2 strain balancing layer would not significantly affect 
either the IV turn-on behaviour or the lasing threshold current. Leptos modelling 
was used to study the effects of varying different structural parameters, 
including layer compositions, thicknesses and periodicity, on the X-Ray 
diffraction (XRD) spectra  Simulations of a QW structure designed to replicate 
the strain in a QD device showed that a 4 nm GaAs0.8P0.2 layer should fully 
strain balance a layer of QDs. This value was used to estimate the required 
thickness of GaAsP calculated from the average indium composition in the 
repeat. However, this was not expected to produce the same thickness for the 
strain balancing of the QD layer, as there is an expected difference in average 
indium composition but will provide an estimate of what was required. 
Following the modelling, six QD structures with three different QD layer 
separations of 50, 30 and 20 nm were grown with and without a 5 nm 
GaAs0.8P0.2 strain-balancing layer. The required thickness of GaAs0.8P0.2 was 
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calculated from the XRD spectra of the 50 nm device without strain balancing 
to be 5.6 nm; however, a value of 5 nm was used to ensure the structure was not 
overcompensated. Optical access mesa devices were fabricated to study the 
effectiveness of the strain balancing. All devices showed similar electrical 
characteristics and the 50 nm devices showed similar optical characteristics. 
The addition of the strain-balancing layer to devices with QD layer separations 
of 30 nm and 20 nm, showed some evidence of improvement in the overall 
optical intensity. 
Further modelling is required to study the effect of a thinner barrier with a 
higher phosphorus concentration as the current work only considered a barrier 
thickness of 5 nm. In addition, understanding the mechanism by which carriers 
are transported through the barrier is desirable. The effectiveness of these two 
transport processes is expected to depend on both the height and width of the 
barrier for quantum mechanical tunnelling and the height for thermal excitation. 
Hence, a study of different combinations of width and composition may allow 
these two processes to be separately studied and the composition that allows the 
most efficient carrier transport to be identified. Growth of different strain-
balanced samples will provide experimental confirmation of the modelling. In 
addition, studies of the positioning of the GaAsP layer could be performed. For 
example, this layer could be placed before the QD layers or split into two 
separate layers placed before and after each QD layer. Finally, a QD layer 
separation intermediate between 30 and 20 nm should be grown to determine 
the lower limit for non-coupled QD layers. 
In chapter four, mesa diode and Fabry-Perot laser devices are fabricated from 
the strain balanced and non-strain balanced wafers and characterised. In 
addition, the first steps in developing a novel photonic crystal surface emitting 
laser using QDs are described. Low temperature electroluminescence (EL) 
reveals an issue with QD bimodality; however, this can be reduced with an 
increase in the InAs coverage although the optical efficiency starts to fall off, 
possibly due to the presence of dislocations. Broad area Fabry-Perot laser 
devices with QD layer separations of 50 and 30 nm and with and without a 
strain-balancing layer were fabricated. Both strain balanced and non-strain 
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balanced lasers operate up to 220 K for 50 nm separation and 200 K for 30 nm 
separation, but with excited state lasing. However, incorporation of the strain-
balancing layer is shown to improve the performance of a device with 30 nm 
spacing between QD layers, as the threshold current density was always lower 
for the strain-balanced device with a 30 nm separation over a range of 
temperatures, although performance is still inferior to that of a 50 nm device 
without strain balancing. Further growth optimisation has yielded room 
temperature lasing from an excited QD state by reducing the V/III ratio to 5 
from 208 and reducing the reactor pressure to 50 from 100 Torr.  
Fimmwave modelling has been performed to optimise the waveguide of a QD-
PCSEL, using input parameters from experimental measurements of QD gain 
and previous QW-PCSELs to determine the minimum threshold gain and the 
net modal gain. Three photonic crystal material systems were compared: 
void/GaAs, InGaP/GaAs and AlAs/GaAs. The addition of a GaAs ballast layer 
above the photonic crystal or an AlAs repulsion layer below the active region 
were modelled. From the modelling, the optimum material system for a QD-
PCSEL was found to be AlAs/GaAs. However, all three material systems 
showed potential improvement from an AlAs repulsion layer placed below the 
active region. Initial test structures, grown with a highly doped 100 nm AlAs 
layer above the active region, show little or no degradation in their electrical 
characteristics. In addition, no change to the QD emission properties resulted 
from an overgrowth step. These initial growth studies suggest the viability of 
this approach to produce a QD-PCSEL operating at 1.3 µm. 
Further work is required to improve the lasing performance of the edge emitting 
QD lasers. The initial studies detailed above show considerable promise, with 
improved performance for the 30 nm strain balanced device in comparison to 
that of the 30 nm device without strain balancing. Further optimisation of the 
QD growth parameters have shown promise for obtaining longer wavelength 
room temperature lasing based on a non-strain balanced structure with 50 nm 
layer separation. Therefore, incorporating the QD growth parameters used in 
the room temperature QD laser with the strain balancing would allow 30 nm 
and potentially the 20 nm layer separations room temperature laser. As a 
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consequence, further development using larger numbers of QD layers within the 
active region could be attempted, which should reduce the threshold current 
density and allow ground state lasing close to 1.3 µm. The fabrication of multi-
section devices and/or ridge laser with different cavity lengths would allow the 
gain produced by the QDs to be determined. 
Continuation of the QD-PCSEL work would focus on the implementation of an 
AlAs/GaAs photonic crystal. QD containing wafers, provided by QD Laser Inc., 
would be fabricated to define the photonic crystal, which would then be infilled 
with AlAs during the overgrowth process to form an AlAs/GaAs photonic 
crystal. Additional growth studies are required to study the effect of the AlAs 
repulsion layer placed below the active region and also to investigate differences 
between the use of a ballast layer and a repulsion layer in both AlAs/GaAs and 
InGaP/GaAs photonic crystals. Further modelling can be performed to study the 
effect of using both a ballast and repulsion layer within the same structure to 
increase the mode overlap with the photonic crystal and active region. 
